
AD-A198 409 L
REPORT DOCUMENTATION PAGE

I*. REPORT SECURITY CLASSIFICATION 1b. RESTRICTIVE MARKINGS

2.& SECURITY EASSIFICAT Y 3. DISTRIBUTION/AVAI LABILITY OF REPORT

2b. DECLASSIFICATION/OOWNGRAOING SCHEDULE A vst r fbut ipa0 S =10lO

4. PERFORMING ORGANIZATION REPORT NUMBERIS) 5. MONITORING ORGANIZATION REPORT NuMBER(S)

• .iAF ~ 'R .' R . a a - 1 U j 2'

6&. NAME OF PERFORMING ORGANIZATION Lb. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION

Electrical & Comp Eng (If applicable) AFOSR/NE
North Carolina State Unit Bldg 410

6c. ADDRESS (City, State and ZIP Code) 7b. ADDRESS (City. State and ZIP Code)

Raleigh, NC 27695-7911 Boling AFB, DC 20332-6448

as. NAME OF FUNOING/SPONSORING Sb. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (if applicable)

AFOSR/NF I AFOSR-85-0201
Sc. ADDRESS (City. State and ZIP Code) 10. SOURCE OF FUNDING NOS.

Bldg 410 PROGRAM PROJECT TASK WORK UNIT -5

Bolling AFG, DC 20332-6448 ELEMENT NO. NO. NO. NO.

61102F 2306 B1

11. TITLE (Include Security Classification)

DEFECT REDUCTION IN EPITAXIAL GROWTH USNG SUPERLATTICE BUFFER ,AYERS
12. PERSONAL AUTHOR(S)

Professor Bedair
13&. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Yr.. Mo., Day) 15. GE COUNT

Final IPROMO/09; Td T ,i /AA
16. SUPPLEMENTARY NOTATION

17. COSATI CODES is. S CT TERMS (Continue on reverse if necesary and identi by block number)

FIELD hGROUP I SUB. GR.(P z
19. ABSTRAC ontinue on reverse if necesary and identify by block number) .' , "

Superlattice (SL) structures are both fundamental and technical interest. Two
classes of superlattices have been investigated. IN the first class, the
sup erlattice layers have lattice parameters that closely match those of the sub-
strate, such as in the case of the AlGaAs-GaAs and InP Ga As systems. In the
second class, the strained-layer superlattice (SLS) [1?; 5 he dfernating layers
have lattice parameters that are different by a significant amount, but the layers
are thin enough to ensure that the lattice mismatch is entirely accommodated by
elastically straining the layers without the generation of misfit dislocations...- 6TIC

_ ~ ~~~~~Intli rllh , -

UNCLASSIFIE/UNLIMITED T A SAME AS RPT. TIC USERS 2 A " . N

22a. NAME OF RESPONSIBLE INDIVIDUAL 22b. TELEPHONE NUMBER 22c. OFFICE SYMBOL
(Include Area CodeI

MALLOY, (202) 767-4931 NE

DO FORM 147:, 2'"N EDITION OF I JAN 73 IS OBSOLETE.

-- U 2 5 (7 SECURITY CLASSIFICATION OF THIS PAGE



DISCLAIMER NOTICE

THIS DOCUMENT IS BEST

QUALITY AVAILABLE. THE COPY

FURNISHED TO DTIC CONTAINED
A SIGNIFICANT NUMBER OF

PAGES WHICH DO NOT

REPRODUCE LEGIBLY,



AFOSRTS. 8 8 Vu9 17

Final Report

DEFECT REDUCTION IN EPITAXIAL GROWTH

USING SUPERLATTICE BUFFER LAYERS

Submitted to

Accession For

U.S. Air Force Office of Scientific Research DTIC TA

UnAnnounce4
Justitloation

AFOSR-85-0201
BY
Distribut ion/
Availability Codes

By Avai ndo
Dist Special

S.M. Bedair, Professor
Electrical and Computer Engineering Department

North Carolina State University
Raleigh, North Carolina 27695-7911

July 1988

P~~~~~b S ; fr-.rX



I. INTRODUCTION

Superlattice (SL) structures are of both fundamental and technical interest. Two
classes of superlattices have been investigated. In the first class, the superlattice layers 
have lattice parameters that closely match those of the substrate, such as in the case' of
the AIGaAs-GaAs and lnP-ln 0.5 3 Ga 0., 7As systems. In the second class, the strained-layer
superlattice (SLS) 11], the alternating layers have lattice parameters that are different by
a significant amount, but the layers are thin enough to ensure that the lattice mismatch is
entirely accommodated by elastically straining the layers without the generation of misfit
dislocations. Examples of these SLS are the GaAs-InGaAs, GaAsP-GaAs and
GaAsP/InGaAs systems. These SLS's have several unique features since their electronic
and optical properties can be modified over a wide range by the proper choice of material
and geometrical parameters 11]. A number of applications using those SLS structures in
lasers [2]-[6], light-emitting diodes (LED's) [71-[91, photodetectors [101-[121, and FET's [13]
have been reported. Although these SLS's have great flexibility in device design, their
reliability has been questioned. In particular, it has been observed that under conditions
where constant high-level of excitation or rapid thermal cycling is required, the SLS dev-
ices are unstable [4]. It is believed that these instabilities are due to the lattice mismatch
between the SLS and the substrate and, consequently, misfit dislocations are generated at
the interface between the SLS and the substrate 1141. Such conditions are always present,
in binary/ternary SLS structures [14].

Ternary/Ternary SLS, such as GaAsP/InGaAs, can be grown lattice matched to the
GaAs substrate and thus can avoid this problem, thus improving the lifetime of these SIS
devices. We will review the methods of growth, properties of these SLS, their stability
under levels of current injection and their use to reduce defects in epitaxial layers.

II. CURRENT LIMITATIONS IN BINARY-TERNARY STRAINED LAYER
SUPERLATTICES

Strained layer superlattices such as GaAs-InGaAs [9] and GaAsP-GaAs (121 have
been studied extensively. However, these superlattices and other binary-ternary struc-
tures suffer from major limitations. The average lattice parameter of these binary-
ternary structures does lattice match that of the substrate such as GaAs. For example,
InxGal.As-GaAs SLS will have a lattice parameter which corresponds to a bulk
Inx/ 2Ga(_x)/ 2As as shown in figure 1. Thus, when grown on GaAs substrate, defects in
the form of misfit dislocations appear at the SLS/substrate interfaces [1.5]. Figure 2 shows
a cross-section TEM micrographic of In0 .16Ga 0 .84As/GaAs SLS grown on GaAs substrate.
Dislocations are shown by arrows at the SLS/GaAs interfaces [15]. In this case the total
thickness of the SLS exceeds the critical thickness for the genierationls of imisfit disloca-
tions for bulk grown Ino.0 sGa 0 .92As on GaAs substrate. This problemi can be avoided by
reducing the number of SLS periods so that the total thickness of the SLS is less than the
critical thickness for the generation of miisfit dislocttions [16]. Iloxvever, this will imposeb
iimitalions on the number of periods, specially for the case where high strain is present.
For example, for In 0.3 G aO7As/ GaAs SLS, only few periods will be allowed before
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Figure 1 Schematic of the lattice constant of several superlattice structure
(a) AlGaAs/GaAs (b) InGaAs/GaAs (c) GaAsP/InGaAs.
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Figure 2. Cross-section TEM micrograph of In0 .Gao.gAs/GaAs SLS grown on GaAs

substrate. Dislocations as shown by arrows at the SLS/GaAs interfaces.



dislocations are generated at the SLS/GaAs substrate interface. Anolher airllah iV; o
insert an In,/ 2Ga(I..)/ 2As buffer layer between the GaAs substrate and the
InxGalxAs/GaAs SLS [171. In this case defects are not generated at tie interf:'.
between the SLS and the buffer layer. The presence of a buffer layer that does niot lat.tic,
match the substrate can create several problems. For example, this buffer layer can be
highly defective and cannot be obtained with high resistivity [17]. This will have impact
on FET structures with the SLS as active layers. Also, if the lattice mislnat~ch etweci
the buffer and the substrate is large, high density of threading dislocation will be geit-
erated and will propagate to the SLS structure.

The above problems can be avoided if these binary-ternary SLS's are replaced 1)V
other material systems. What is needed is a superlattice composed of two materials ha-

ing equal but opposite lattice mismatches such that the average lattice constant tiiatches
that of GaAs. For example, a SLS made of GaAs,_yPy/InxGalxAs ternary alloys can
satisfy these requirements [8].

III. GaAsP-InGaAs STRAINED LAYER SUPERLATTICES

GaAsI_yPy/InxGal_-As SLS can be grown directly on GaAs substrate with an aver-
age lattice constant equal to that of GaAs. In such a structure, with y =- 2x, the lnGaAs
will be under compression, whereas the GaAsP layer will be under tension and the lattice
parameter of the SLS as a whole will be equal to that of GaAs as shown in figure 1. In
this case, no defects are generated between the SLS and the substrate and no limitations
are imposed on the value of strain between the individual layers or the number of S,.
periods. Such a structure will thus allow the use of GaAs or AIGaAs as buffer or
confining layers since all layers including the SLS have the same lattice constants in the
growth plane. Other material systems can satisfy these requirements; examples are:
GaAsP - GaAsSb, GaAsP - InGaAsSb and Gao. 5 2+xIn0. 4 8 -xP - Ga,0.52_xn.,jSj P.

I1-1. Epitaxial Growth of GaAsP/InGaAs SLS

GaAsP/InGaAs SLS contains both As anid P compounds which miakes il, (Iifli,'ll. h,
be synthesized by Molecular Beam Epitaxy (MBE). Two techniques were used for the
growth of this SLS, mainly metalorganic chemical vapor deposition MOCVD 18I, anrl
molecular stream epitaxy MSE [19]. Gas source MBE can also be a potential terlcniqlue
for the synthesis of this SLS. .

The MOCVD approach [18] uses TMG, TEl, AsH-3 and PH3 as sources of Ga. In, As
and P. Both AsH 3 and PH3 are 5% in H2. The growth temperature was 630'C, which is a
compromise between ideal growth temperature for the two ternary alloys. For GaAsP aI
rPlatively high growth temperature is icquied to obtain a wide rangc of CaP compoqoi'p
since phosphorous incorporation is low at low temperature (20]. On the other hanid, for
InGaAs, a low growth temperature is preferable because InAs incorporation decreases i;'

the growth temperature increases. Details of the growth process were previously described 9
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[18]. A relatively low growth rate ranging from 100-150 A/nin was used to minimize the
gas transient effect and to allow better control of layer thicknesses. The growth process
proceeds by sequential injection of TEl and t113 while TMG and AsH3 are flowing all the S
time. GaAsP-GaAsSb and GaAsP-GalnAsSb SLS's were also grown using this approach
[81, where TMSb was used as the Sb source. SLS's with periods as thin as 50 A were
obtained using this injection approach. Thinner SLS's can be obtained 1b' minimizing
dead spaces and pressure transients in the gas manifold. To avoid some of the above
mentioned problems this SLS was grown by a new process called molecular stream epi-
taxy [19], which is a modification of the atomic layer epitaxy [21] process previously
developed by our group. In this technique the growth of the SLS proceeds by rotating the
substrate between two gas streams, one containing TMG, TEl and AsH 3 , and the other
containing TMG, PH3 and AsH 3 . These two streams arc on all the time, thus there is no
flow transients or dead spaces resulting from the gas switching processes. SLS with layers
as thin as 8 X was obtained using MSE [19], which is difficult to achieve by conventional
MOCVD, specially for material systems containing As and P compounds. MSE it was
also possible to grow the SLS at temperatures as low as 520' due to the higher P incor-
poration [22] in MSE as compared with MOCVD. This will allow high strains between
the individual SLS layers.

111-2. Characterization of GaAsP/InGaAs SLS

The GaAsP/InGaAs SLS's were characterized both structurally and optically. As
mentioned earlier there is no restriction on the number of periods, and structures with
several hundred periods was grown without the creation of defects at the SLS/GaAs inter-
face. If the SLS is not balanced i.e., y - 2x or the thickness of the individual SLS layers
exceeds the critical values for the generation of misfit dislocations [18], cross-hatched
features are observed on the sample surface. We found that examination of the SLS sur-
face by optical microscope is usually a rough and quick test to check that the SLS has bal-
anced composition.

Epitaxial layers thickness and superlattice structures were examined using x-ray
diffraction technique as shown in figure 3. Figure 3a shows the 400 diffraction pattern for
45 periods of GaAs0.8P 0.2-In 0 .1Ga0 .gAs SLS grown on GaAs substrate. The zero-order S
diffraction peak (n = 0) gives the lattice parameter of the SLS as a whole, with a lattice
mismatch of less than 0.1% to the GaAs substrate. The extra satellite peaks are due to
the periodicity of the SLS, giving a period of 350 A. This value is consistent with that
predicted from the growth rate and that obtained from the total thickness neasurementl
of the SLS on a cleaved sample. Figure 3b shows the corresponding diffraction pattern of
GaAsP-GaInAsSb SLS. When this ternary/quaternary SLS was disordered by Zin
diffusion at 800'C a GaInPAsSb quinary alloy was obtained (8]. The peak. indicated )y
A, results from the homugcneous quinary alloy and corresponds to the average lattice con-
stant of the SLS as a whole (peak indicated by n = 0 in figure 3b). Rough estimate of the
lattice constant of this quinaryy alloy agrees with the position of the peak A [23]. Thus.
from figure 3, these ternary/ternary or ternary/quaternary SLS's can be grown lattice
matched to GaAs substrates under the proper growth conditions.
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Figure 3 X-ray diffraction pattern in the vicinity of (400) reflection of SLS n's show tLi:
order of the satellite peaks originating from the periodicity of the SLS

a) Ga 8 ASP 0.2 - In0  GogAs

G,%AsP-GaInAsSb (SiL

GaAs (004)

Ga6

sAS GROWN
-5 -4 -3 n to

I +7
-7 +1

A

DISORDERED

I '(GaInPAsSb)

65.0 65.5 06.0 6S.5 67.0

Diffraction Angle 20

b) Ga0 .78ASPO.24 - Ga0.g 21n0.08As0.q5Sb 00

In this SLS Zn diffusion resulted in disordering and thus forming the

GaInAsSbP quinary alloy. The arrow A shows the quinary diffraction peak.
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The optical properties and interface qi'liy of GaAs 0 .aP 0.7 /fn 0 1 5 Gai... As SI,. wer,
characterized by photoluminescence at 77 and ,Y.50 K, for a SLS with 5 periods, 130 \
thick each, as being determined from x-ray diffraction. The PL data is shown in figure ,1
and the peak at 1.405 eV has a FWHM or t meV, indicating that this SLS structure can
be grown with excellent interface quality. This peak at 1.405 eV corresponds to the tran-
sition between the first electron level (n = 1) and heavy-hole band. The biaxial coinpres-
sion in the InGaAs well breaks the degeneracy of light-hole and heavy-hole valence bands
at k = 0 and increases the effectiv( bandgap of InGaAs [24]. In addition, the quantum
size effect increases the effective bandgap of the SLS. These two effects result in tie
energy shift of about 110 meV from the bulk InGaAs value.

)n aA /GaAsP 4.5K 7K<

SLS

,t.OmuV .OnmoV

. .

0700 6000 I') 00 9000
W nCColIogtl (A)

Figure 4 PL spectra of 5 periods In 0.j 5Ga 0 8.8As/GaAsO.7 PO. 3 SLS at 77'K and 4.5I(.

The optical quality of the SLSs versus depth, especially near the SLS/substrate inter-
face, was investigated using PL. This was done by scanning the laser beam along a bey-
eled section of the layers as shown in figure 5. Several samples were beveled on a Plexig-
las plate using Ludox. The bevel angle was about 1/3 degrees, which resulted in a vertical
magnification factor of 172x. The laser spot size used with PL measurement was about 50
pum and the penetration depth is estimated to be less than 2000 X based on GaAs absorp-
tion data. Figure 5b shows the PL specra. (77°K) of different spots (A-E) which
correspond to the positions shown in figure 5a. As the laser beamn was moved from posi-
tion (A) to (B), the PL intensity decreased by more than one order of magnitude. This is %
because of mechanical damage introduced by polishing. However, the spectral sha.pe did
not change. From (B) to (D) the intensity still decreased gradually, while tihe spectral
peak shifted slightly toward the higher-energy side and a shoulder appeared at the lower-
energy side. As the beam approached the SLS/substrate interface the shoulder grew.
while the main peak decreased and finally disappeared. As shown in figure 51, there are
some variations (- 10 meV) in the peak emission spectrum from the SLS. These fluctua-
tions can be the result of compositional and periodicity fluctuation in the SLR. The
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v:5 InGaAs/GaAsP SLS

GaAs substrate
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.
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Figure 5 a) Schpmatic of the beveled SLS surface al about 1/30
b) PL spectra at 77°K along the beveled surface.
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variation of 10 M reV corresponds to thle (oui losiiona.I fluctuation of aot .o t-1 fuctatin of;d~uf .8"0' 111 thbe

InGaAs well assuming no periodicity fluctu',ion. At the interface (E) the PI, linewidth
became 9 nieV, whereas the PL intensiy stayed almost, the same as that. of position (D). .
PL from the Si-doped GaAs substrate w:is very weak and almost undetectable, even at

the position (E). This suggests that. the pliotocnr"iers generated in the C,aAs layer will be
efficiently collected in the first SLS layor wi li, i& I(;aAs. Most. of the, samples showed a
tendency for the PL linewidth (FWI-IM) to decrease or remain unchanged as the
SLS/substrate interface was approached. Tlhis feature is different from other SLS's whose
average lattice constants are not matched to those of their substrates 1251. \Ve have clone
a similar experiment on InGaAs/GaAs SLSs, which have similar geometrical and compo-
sitional parameters to those of InGaAs/GaAsP SLSs shown in figure 5. A significant
decrease of PL intensity and spectral line broadening near the SLS/substrate interface
was observed. This is probably due to the high density of misfit dislocations at the S
InGaAs/GaAs SLS and the substrate interface. This result indicates that the average lat-
tice constant of the SLS must be matched to that, or the substrate to obtain a high optical
quality throughout the entire layer. This is very important, especially when SLSs are
used in the active regions of devices.

"--P-GaAs:Zn (O.5JI17) 0

InGaAs/GaAsP SLS
(undoped)

n-GoAs:So (0.31ro)

-n- G'a A s S I Substrate

.-- Au-Sn -Au

Figure 6 Schematic of SLS LED structure. The undoped active region coiisists of
GaAsO.8P0.2/In 0 .1 Ga 0 .As ten periods, each layer is 100 l thick.
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IV. STABILITY OF SLS AND LIFETIME TEST OF LICT EM I']i' lN( .II)l_,-

A schematic cross-section of the LED [26] structure is shown in figure 6. li, Wt a -

doped 0.3-lim GaAs (n - 1 x 101 8 cm - 3) was grown on a (100) Si-doped Ga.-\s substra.. 
Then an undoped ten-periods In 0 1Ga 0 .As/GaAs 0 .8P0O2 SLS active region was grown 1) ,lN,
injecting TEl and PH3 alternately during the growth of GaAs. The thickness of each
layer is about 100 A (total active region is about 2000 A). The mismatch between (a\As
and the two compounds in their bulk crystal form is ± 0.69 percent. Finally, a Zn-dopcd
0.5-[im GaAs layer (p - 1 x 1018 cm - 3) was grown on the SLS. The growth teniperature
was 630°C for all these layers. A Si02 layer (2000 - 3000 &) was deposited by plaisill,-

assisted CVD to make a 6-[Im-wide stripe structure. The wafer was thinned dlmwii I,,
about 70 jIm and polished, then ohmic contacts -%%ere made by depositing Au-Sn-Au (100,
2000, 1000 A) followed by annealing at 300°C for 10 seconds for n-type and Au-C;-Au 
(100, 200, 1000 A) for p-type. Finally, the wafer was cleaved and sawed into individual 6 '
diodes with typical dimensions of 250 x 300 [tr- . The ideality factor for these diode.s t

ranged between 2 and 3 over three orders of magnitude on a current sale. Diodes wer(
mounted to a gold-plated copper block with the p-type face down and held by a spring,#
clip. The optical output was detected by -a Si photocell. Three current. injectioii l ._,
namely, 830, 3000, and 4000 A/cm2 , were used in the lifetime tests. Seven devics have •

been randomly selected and teted (one at 830, 3000, and 4000 A/cr 2 , and five at, 1000
A/cm2 ). Since the junction of the diode is formed less than 1 j.m below the p-type elec-
trode, the current spreading effect is not significant. These SLS LEDs had operat ed at
such high current densities for several thousands hours without any degradatio; in l
optical characteristics as was previously reported [26)._

p-aAs p-GaI\s J-GaAs

n-GaAs 1-Ga.,\s ,-C:,\s

%

1110. 2 Ga 0 .8 As/G aAs0 .P 0 . 4  Ir,0 .2G ao. s/GaAs In0 .2(Gao.S : t.,\

(100 A, 7 periods) (100 i,, 3 pcriods) (100 A, 7 pcr,(<)

(a) (i) (c)

Figure~
Figure 7 Schematics of different SLS structures used as the active regions in LE)D's.
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LEDs with the same structure as shown in figure 6 were tried; how.vr, ( :i.\sl'-
InGaAs SLS active region is replaced by lnGaAs/GaAs SLS's ti0 structures are shown in
figure 7. The SLS layer's thicknesses in the three structures (shown in figure 7) is 100.:
and number of periods is seven for the structures in figures 7a and 7c and three For flu'
structure in figure 7b. Lifetime tests for these three LED structures at a coi.nt ijl.iertionl
level of 4000 A/cm2 were carried out and tle results are shown in figure 8. Bot stii,-
tuies in figure 7a and 7b have been opei-iting for more than one y(,ar witlitl :IiV
observed degradation in the optical output, where the structure in (figure 7c) died oit il I
few hours. These results can be explained based on the average lattice constant. of l'e SI,S
and its lattice mismatch with the substrate. The ternary/ternary SLS is Im lhiced ,i,1 110
defects are expected to be present between "he SLS interfaces and the (I'Am Lvrs, for
the structure in figure 7b there is lattice nismatch between the Ino G.1 .s/(;i, Sl,.
and with an average lattice constant correspondi,-g to the In 0 .1Ga 0.9.\s hlk nud111 t11, ;,l1-
strate. However, this mismatch can be accommodated elastically since the tot:il IHi iirs ,i
of the SLS (300 A) is less than the critical thickness for an in 0 .1 Ga 0 .As film reifi'(ed IA)
generate defects at the GaAs interface [271. Tlhe situation is quite different. for the struc-
ture in figure 7c, where 'the thickness of' tle seven periods SLS exceeds wh criticI thick-
ness for the generation of misfit dislocation at the SLS/GaAs interfaces [27. '"l'ivrY S
high density of defects will result in the catastrophic faiiure of this LED structur-is
shown in figure 8. These preliminary observations suggest that a SLS which is latt-ic'
matched to the substrate is stable under high-current-injection conditions ;,1(f .:Ill lui; i.'
potential applications in several devices.

M% a 1n~a<s^/.,P (7 pcri, <5)

100

(f) ICraAs/i(oAs

0~

-50 S0
>_.

(U (c) ho Cais/CaAs

(7 periods)

002
0.2 1 10 180 i000 ,

Opcrating Time (hour)

Figure 8 Lifetime test for LED structures shown in Figure 7.
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V. DEFECT REDUCTION USING SLS

V-1. Characterization Techniques for Defects

X-ray topography (XPI') and electron beam induced cutrrent (EBIC) are noti-
destructive techniques for defect characterization. XRT is suited for stidying large area
samples but magnification is only possible by enlarging the micrographs. 'lhe defect den-
sity suitable for XRT is 1() c-n 2 or less. Therefore, the effect strained layer structures
grown on a GaAs substrate are ideal for an investigation by XRT. On the other hand,
TEM gives the highest magnification but gives only a very limited observation area. Sam-
pies must have high density of defects (higher than 106 cm - 2) to be studied by TEM.
EBIC bridges the two techniques concerning resolution of defects and the observation d
area. It is possible to decide whether a misfit dislocation is located at the GaAs/SLS
interface or within the SLS by using both XRT and EBIC. Cross-sectional TEM was
extensively used for direct observations of dislocations and to reveal how dislocations are
bent or thread in the SLS. The g'b analysis on dislocations allowed us to identify the
types of the dislocations.

V-2. Critical Layer Thickness (CLT) for a Single Strained Layer

In order to determine the value of CLT for a single strained layer of GaAs 1 -yPy (y-
0.15), we employed XRT to examine the substrate prior to the growth of a GaAsi-yPy
film. The growth of the GaAs,_yPy layer was performed in a stepwise fashion with each
step resulting in the deposition of a controlled thickness added to previously existing film.
The heterointerface between the ternary layer and the GaAs bulk was characterized at
each step by transmission XRT. For a thin GaAs,_yPy film, less than -600&, only sub-
strate threading dislocations are observed. When a GaAs,_yPy layer of -900,k thickness
was grown, a few generation sites for misfit dislocations appeared near the sample edge.
The number of these generation sites of misfit dislocations increased as the thickness of
the GaAsP epilayer was increased to -1200K. When the thickness reached 1600A ...
misfit dislocations were formed from these generation sites indicating the process of glide
at the GaAs,_yPy/GaAs interface. From these observations we concluded that the value *,Vk i

of CLT for the onset of misfit dislocations in a GaAs 1-yPy (y-0.15) single layer is approx-
imately 900. This value is a few times higher than the value of CLT predicted by
Matthews and Blakeslee and about 1/5 of that by People and Bean. It seems that the
generation of misfit dislocations is not critically dependent on the film thickness but
rather of kinetic nature at the very early stage of generation.

V-3. Critical Layer Thickness ir, Multilaver

A SLS is constructed of InxGaI xAs and GaAslyP, . epitaxial layers with equal

thickness, x-0.08, and y-0.16. Alternate GaAs_yI' and InxGai-xAs layers are under 01
tension and compression such that the SLS as a whole is lattice matched to the GaAs sub-
strate. EBIC was used to determine the value of CLT for the constituent layers of this
SLS structure because XRT can reveal misfit dislocations located at the GaAs/SLS

-11 - _'.
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interface and not those within the SLS. ERIC studies were carried out for SLS"', wlhoqe
period thickness was varied from 500,& to 800A. For SLS period of -500-A, even with the
acceleration voltage of 25 keV which is sufficient to reach through the SLS, no misfit •
dislocations were observed indicating that the ternary layer thickness did not exceed the

CLT. However, when the period thickness was increased to 550X misfit dislocations
appeared in the SLS showing that the CLT thickness was exceeded. The density of misfit
dislocations increased for the SLS with a period thickness of -- 800,. From these observa-

tions the value of CLT for the misfit of 0.6% is estimated to be approximately 290,\
which is in reasonable agreement with the Matthews' and Blakeslee's model. \Ve believe
this EBIC technique gives an accurate information pertaining to the onset, of misfit, dislo-
cation generation which is interpreted as the critical layer thickness.

V-4. Defect Reduction Using GaAsP-InGaAs SLS by MOCVD

Strained superlattice buffer layers have been grown with an average lattice constant
equal to that of GaAs, as shown by the x-ray diffraction data. Epitaxial GaAs layers
grown on these SLB's show significantly smaller dislocation densities than simultaneously
grown layers directly on GaAs substrates. TEM studies show that threading dislocations
which start in the GaAs substrate do not penetrate the SLS layer. It is expected that dev-
ices and circuits fabricated in epitaxial layers on top of SLB's will exhibit less variation in
electrical parameters than those fabricated directly on a GaAs substrate (see attached
papers).

V-5. Defect Reduction Using GaAs-InGaAs SLS by MBE

GaAsP/InGaAs SLS cannot be grown by MBE due to problems with phosphorous,
thus, we used GaAs-InGaAs SLS structures. Results indicate that compared to epitaxial
layers grown directly on GaAs substrates, a GaAs-In ,Gal-,As superlattice (x<0.12)
reduce. the dislocations by approximately two orders of magnitude. Transmission elec-
tron microscopy, electron beam induced current, and etch pit density have been used to
characterize the effectiveness of using superlattice buffer layers for the reduction of defects
in GaAs epilayers (see attached papers).

V-6. Defect Reduction of GaAs Grown on Si Substrates

As a result of the large lattice mismatch and the large difference in the thermal
expansion coeffcient, a very high density of dislocations are presen$ in a G(aAs film grown

directly on a Si substrate. Therefore, a SLS grown on the GaAs film on Si contains dislo- _.
cations whose density is sufficient for an investigation by TEM. The GaAs film directly .

on top of a Si substrate are 1 - 3 p.m thick and the defect, density near the top of the
layer was found to be 108 - 10g cm 2 range.

It has been shown that the InxGa] xAs-(;aAsj vPy (y2x) is an approp)riate and

highly effective buffer layer for reducing dislocations originating at the GaA-Si interface.

The SLS structure also permits high values of strain to be employed without the SLS

-12-



generauiig dislocations of its own. lowever, the preseni results also indicitp th-M the
effectiveness of the SLS depends on the density of dislocations. For instance, when the
dislocation density is low, the threading dislocations are confined to the SLS interfaces
and do not propagate into the GaAs epilayer. In contrast, when the dislocation density is
very high, it is apparent that the SLS is not as effective. Further work is required to
optimize the SLS structure by varying the strain and the nuniber of SLS layers in order to
achieve high-quality GaAs on silicon with a very low dislocation density. It is also evident
that much more work is needed to understand the interaction and movement of disloca-
tions at the SLS interfaces (see attached papers).

1
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The growth of GaAs. InAs and In ,(Li ,As (0 < 0.43) b atomic layer epitaxy (ALE) is dcecrihed. The gro. th rate bv ALE
is found to be independent of the column III flux, ALI: GaAs. grown between 450 and 630*C. has been characterized b%
photoluminescence and Hall measurements. Initial result, Indicate that ALE gives improved incorporation and uniformity in the
gro, th of InGaAs compared to conventional MOCVI) and viii he a suitable technique for growing ternary and quaternary layer,
over large areas.

1. Introduction diltonally, ALE may be used as a tool to investi-
gate growth mechanisms and impurity incorpora-

Atomic layer epitaxy (ALE) is a relatively new lion by MOCVD.
growth technique which offers control of the Atomic layer epitaxy was first reported for
growth process at the atomic level. Growth pro- If-VI compounds by Suntola and Antson [1].
ceeds by the deposition of individual layers of Ill-V compounds have also been grown using
atoms. GaAs, for example, is grown by first de- ALE by Nishizawa et al. [3] and our group [4,5].
positing an atomic layer of Ga and then an atomic In 1l-VI compounds, the high vapor pressure of
layer of As. This cycle is repeated until the desired these elements is reported to be the mechanism
thickness is achieved. The total thickness is then which results in only one monolayer being de-
determined only by the atomic spacing and the posited on the surface per cycle [6]. The first
number of deposition cycles, and thus can be deposited layer is chemically adsorbed on the
controlled very accurately. The thickness should surface and remains there while any following
also be very uniform across the substrate since the layers which deposit are weakly bonded and will
grown layer is built up by the deposition of a re-evaporate. This results in a self-limiting mecha-
single column III or column V monolayer at a nism which ensures that only one monolayer of
time. Atomically abrupt interfaces may be possi- atoms is deposited at a time. This mechanism was
ble since the reactant species can be changed not expected to occur with the column III species
within one atomic layer. The growth of ternar, used in the growth of Ill-V compounds because
and quaternary compounds by ALE should ex- of their relatively low vapor pressures. Without a
hibit very good compositional uniformity because self-limiting mechanism, ALE would require very
column III and column V species are deposited exact control of the fluxes to achieve monolayer
separately and gas phase reactions between them deposition. Larger fluxes would result in higher
are eliminated. An example of such a reaction is deposition rates, eventually leading to balling and
one which occurs between triethylindium (TEl) poor surface morphology. Smaller fluxes would
and AsH 3. The amount of In available for incor- give incomplete surface coverage. In either case,
poraion in the solid is reduced by this reaction, the growth rate would not be accurately known,
leading to nonuniform lateral compositions. In and thickness and interface control would be com-
ALE, the In and As are deposited separately, their promised. Most column V species have higher
gaseous sources never mix, and thus the gas phase vapor pressures and are not expected to be a
reaction does not have a chance to occur. Ad- problem.

0022-0248/86/$03.50 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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This paper describes the conditions for the through streams of gases containing the columnt
atomic layer epitaxy of GaAs. InAs and IlI and V species. The column III and V gases arc
In Ga, As (0 < . < 0.43) using metalorganic introduced through separate tubes and the g asc ,
chcntical vapor deposition (M()VI)). Wc havc impinge directly on tihe substrate only dtIIring h -

found that a self-limiting im1cchallisln is prcscnt ill time that it is un11der the inlet tube. GaA,. foi
the ALE of these compounds 15,7] which allows example. is grown b% the deposition of a single
the deposition of only about one monolayer per layer of Ga, rotation to the other gas stream
cycle over a wide range of column Ill and V input containing AsH. and deposition of a single layer
fluxes. Additionally, the compositional uniformity of As. This cycle is repeated until the desired
of In Ga - As, for large x values., across the thickness is achieved. The depth of tht: substratc
substrate is improved over that grom.n tnder iden- recess is adjusted to provide a few mils clearance
tical conditions by bulk MOCVD in the same between the top of the substrate and the fixed part
system. F of the susceptor. This fixed part acts to shear off

a portion of the gaseous boundary layer above the
substrate. The susceptor is designed to allow the

2. Growth system gas streams to flow unimpeded except when the
substrate is directly under the stream as shown inl

The growth system for AL[I is shown in fig. la Fig. lb. This prevents the buildup of a gascous
and has been described previously [4,5,7]. Basi- boundary layer over the non-rotating part of the
cally, the substrate, located in the recess of part R susceptor. The susceptor is made of graphite coated
of the susceptor, is continuously rotated and cuts with silicon carbide and is RF heated. A graphite

wedge, in conjunction with a large flow of H.

Column V H 2  Column I (5000 SCCM) from the center tube, acts to pre-
vent mixing of the column III and column Vi i species.

The susceptor is rotated continuously by a step-SOpenings ping motor under computer control. One revolu-
tion, or cycle, consisting of the deposition of a

Fixed single column III and a single column V layer.
part F _-_--- w edge takes place in 2.6 s. The exposure time to each gas

stream is about 0.3 s.
Recess for

substrate

Rotalin '/at Quartz I if

p a rt Rt uR o ta tin g

part
Rotating Fixed

a feedthrough b part

Exhaust

Fig. 1. (a) Schematic diagram of the susceptor and growth chamber for ALE. The substrate is located in a recess in the rotating part
R. The column V and Itt gases enter through separate tubes. A graphite wedge. in conjunction with a large flow of 11, from the
center tube, minimizes mixing of the column Ill and column V species. (b) Schematic diagram of the susceptor showing the openings
through which the gases flow. These gases only ntpinge on the wafer when the substrate is rotated to the opening.
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3. Atomic layer growth Se\cral expcfilents were perlformed to ensure

3. 1. GaAs that the constant growth per cycle was not arising
3rom the experimental setup or growth conditions.

The growth of ',As by ALE was investigated One possibility w\a s that the growth resulted from

over a wide range of conditions. The sources for the ga,,es which arc trapped between the substrate

Ga and As were trimethylgallium (TMG) ( - 13'C )  and the fi\ed part of the susceptor. However, if

and AsH. (5% in Vi,) respectively. The H, flow this WVere true. increasing the TMG input flux

through the TMG bubbler was varied from 0.75 it would also increase the amount of %'MG in the

10 SCCM. The AsH 3 flow was 25 SCCM. The H, trapped volume, yielding a thicker layer. This did

carrier gas flows for the TMG and AsH 3 were 500 not occur, which also indicates that the trapped

SCCM each. A typical growth consisted of 1200 gases do not play a major role in growth b\ ALE.

cycles. A second possibility was that the growth could

GaAs grown by ALE is single crystal, as de- result from cross-diffusion of AsH3 , i.e. AsH3

termined by transmission electron diffraction, and diffusing to the Ga side. Increasing the AsH, flux

has a mirror-like surface. The thickness per cycle by lmllost an ordcr" of magnitude. which should

is found to be independent of the TMG flux, with also increase the amount of AsH, diffusing to the

only about one monolayer being deposited per Ga side, resulted in this same growth rate. Ad-

cycle [7]. The range in the growth per cycle is ditionally, GaAs was grown by ALE but with the

shown in fig. 2. The thickness of these layers was AsH 3 being switched off and flushed from the

determined from cleaved cross-sections using opti- growth chamber each time before the substrate

cal microscopy and transmission electron mi- was exposed to the TMG. The growth rate in this

croscopy. Most growths were done at 630 0 C but case was still about one monolayer per cycle.

this same growth rate per cycle was observed from Thus, cross-diffusion does not play a significant

450 to 700*C. Two substrate orientations, (100), role in growth by ALE.

2* towards <110) and <111) B, where used and A possible explanation for this self-limiting

both resulted in the deposition of about one mechanism comes from the fact that the thermal

monolayer per cycle. Additionally, increasing the boundary layer is quite thin and the TMG mole-

AsH. flux by almost an order of magnitude re- cule may not decompose until it is very near to, or

suited in this same growth rate. actually on the substrate surface. At this point, the
TMG molecule may be partially or fully cracked

O 0. 5 f . . . . r or re-evaporate undissociated. The cracking ef-
E ficiency of TMG on GaAs at 6301C can be quite
.5 0.4-• high 13'], and this will result In a mionolayer of Ga,

or perhaps some intermediate compound, being
o , nAs deposited on the substrate. The cracking efficiency

Q 0.31 aor condensation coefficient of subsequent TMG

M 0 aA s molecules on this initial layer may be small, allow-

have a chance to crack. If the self-limiting mecha-
nism is a result of the molecular origin of the

0. 1 .10 . column II species, one would not expect it to be
present in ALE performed by conventional MBE.
The exact nature of this process is not clear and

GaAs InAs requires further study.

% INDIUM IN SOLID The room temperature carrier concentrations

Fig. 2. Thickness per cycle of ALF. layers versus illdtl) and Hall mobilities for GaAs grown by ALE at

cornposion. The horizontal lines indicate the ideal ALE ihick- 63 0 *C are shown in table I. There are two values
ness per cycle of GaAs and InAs in the (100) direction, listed. The first one (630a) is for GaAs grown

.' J' ~ -
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when the susceptor was quite new. The second a
(630b) is for GaAs grown aftcr many other runs , 7 7 K
These two layers were grown under identical con-
ditions. The large difference in carrier concentra-
tions may be a result( of carbon incorporation. The f

graphite susceptor was coated with SiC, but a ler
mans runs, part of this coating was %orrt off.
resulting in a larger background conce'ntration of'
carbon. The low mobilities are partially a reiult of'
:he thinness of the layers. Identical layers, grown Wu

by conventional MOCVD under the Same condi- I

tions in tile sane system were semii-insulating and
could not be contacted. ..

Growth of GaAs at low temperatures is inter- C.

esting because it offers reduced impurity diffusion
and incorporation and reduced diffusion of inter- 7 8L0 0 8 2 0 0 8 6 00
faces. We have examined the ALE of GaAs at 450
and 500'C. The growth conditions are the same W A V E L E N G T H (A)

as mentioned previously except that the II, flow ------ -
through the TMG bubbler was 10 SCCM and the b
AsHI. flow was 200 SCCM. I 7 7 K

The 77 K photoluminescence (PL) of G,As
grown by ALE at 450'C is shown in fig. 3a. Fig.
3b shows the PL response of GaAs grown by
conventional MOCVD under identical conditions
in the same system. It can be seen that the PL
intensity is greater for the ALE sample. The full to
width at half maximum (FWHM) for the ALE Z
layer is about 7 meV, which is comparable to theLU
best GaAs we have grown by conventional z
MOCVD. The large peak is due to the GaAs band
to band transition and the smaller peak is prob- X1.5
ably from a carbon imipurity. The peak in the bulk

sample is probably from a shallow impurit' and
its FWHM is about 9 meV. The PL responses of 7 8 00 8200 8600

GaAs grown at 500'C by ALE and conventional WAVELENGTH (,)
MOCVD were similar to each other in intensity
and emission wavelength. tig..3. (i 77 K pi(in'ltiiiiiicscncc of GaAs grot a h, At.i

The room temperature carrier concentration and 450(. (h) 77 K pIololtUIincscceaCC of GaAs grown h) coil

tHall mobilities for these layers are listed in table vcnlional IOCVI);il 450o( in the same systcm under idenni
cat condinoiis.

1. It can be seen that all the layers are p-type.
Again, layers grown by conventional MOCVD
under identical conditions in tlie same sYstem

were semi-insulating and could not be contacted. GaAs except that the TMG was replaced by TEl -

3.2. InAs and lnGaAs InAs was successfully grown under the followin ,
conditions: Two flows of H, through the TE '

The experimental setup and rotation scheme (20'C) bubbler were used, 350 and 450 SCCM
for the growth of InAs was the same as that for The H 2 carrier gas flows for the AsH, and TE

A~l V~ll w -#1"0".1 r 'rl Y r f',or I'slIN r 1
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were 800 SC'C'l each. The growth temperature films are shiny for x < 0.1 and become hazy at
\%its 480*C and the substrates used were (aAs, larger In concentrations.
oriented (100), 20 towards (110). A typical growth Preliminary results indicate that the incorpora-
consisted of 1200 cycles. tion of In in the solid is linear vitl TEl flux over

The thickness per cycle of InAs is shown in fig. a greater range in growtll by ALF than by conven-
2 and corresponds to about one nmonolayer per tional MOC\') 18]. Additionally, growth by ALE
cycle [8]. This result indicates that the TEl acts, results in improved uniformity of composition,
similarly to TMG in the ALE process. Cross diffu- across tile substrate, for large x-values [8]. We
sion tests, similar to those for GaAs [4]. werc believe that this is becaus., in ALF, the AsH., and
performed to ensure that growth was occurring b\ TN are separated and are unable to react. In tie
ALE and not by gases diffusing from one side of conventional MOCVD growth these gases mix
the growth chamber to the other. Tile grown layers and react, resulting in at depletion of In in the gas
were single crystal as determined by X-ray diffrac- phase. This depletion then leads to a saturation in 
tion. They had hazy surfaces partially because of the gas versus solid composition curve as well as a
the large lattice mismatch. non-unliform composition across the substrate.

lnGaAs was grown by ALE by combining the These results indicate that ALE may be a poten-
TEl and TMG gases in one inlet tube and keeping tial technique for growing uniform ternary and
the AsH 3 separate in the other inlet tube. Again quaternarv layers over large areas.
the experimental setup and rotation scheme was
the same as that for tile ALE of GaAs and InAs.
However, in this case a cycle consisted of the 4. Conclusion
deposition of a single layer of Ga + In, then rota-
tion to the AsH, side and deposition of a single The growth of GaAs, InAs and In.Ga - , As
layer of As. The H, flow through the TMG (0 < x < .43) by atomic layer epitaxy has been
(- 13'C) bubbler was 4 SCCM. The H, flow demonstrated. A self-limiting mechanism has been
through the TEl (20*C) bubbler was varied from observed which limits the growth rate to about
75 to 450 SCCM. The AsH 3 flow was 25 SCCM. one monolayer per cycle independent of the col-
The H 2 carrier gas flows for the column Ill and tumn Ill flux. The improved incorporation of In in
column V species were 800 SCCM each. The the solid and uniformity of composition suggests
growth temperature was 630'C and the substrates that ALE may be at suitable technique for growing
were GaAs, oriented (100), 20 towards (110>. A compound semiconductors over large areas. Ad-
typical growth consisted of 1200 cycles. ditionally, ALE has the potential to provide layers

The thickness per cycle for InGaAs is shown in with uniform thickness and abrupt interfaces, and
fig. 2 and it can be seen that the self-limiting may also be used to explore growth mechanisms
mechanism described for GaAs and InAs is also and impurity incorporation by MOCVD.
present in the growth of InGaAs. The deposited
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Atomic layerepitaxy (ALE) has been employed to grow lnAs and In, G,' , As (0<x<0.43).

The ALE of InAs, for example, procceds by the deposit iott oa single layer of In followed by the

deposition of a single layer of As. This cycle is repeated until the desired thickness is achieved. The

column III and column V species are physically separated and thus the gas phase reaction

between triethylindium and AsH, is greatly reduced. This leads to improved incorporation of
indium in the solid and improved compositional uniformity across the substrate. A self-limiting
mechanism has been found which controls the thickness deposited per cycle to about one

monolayer independent of the c.lumn 11 flux.

In-based compounds can meet the material specifica- substrate makes one rotation (controlled by a stepping mo-
tions for several important structures and devices such as tor) in 2.6sand theexposure time to each gasis0.3s. The H.
long wavelength detectors, and emitters and detectors oper- flows through the TEl (20 *C) bubbler were 350 and 450
ating in the minimum attenuation regions of fiber optic ca- seem. The AsH , (5% in H,) flow was 200 seem. The H,
bles. Also, when combined with lattice-mismatched materi- carrier gas flows for the TEl and AsH, were 800 sccm each.
als, strained-layer structures composed of InGaAs-GaAs A center flow of H, (5 pm), not shown in Fig. 1, helps
and InGaAs-GaAsP, for example, may be produced. The prevent mixing of the TEl and AsH,. The growth tempera-
growth of In-based compounds by metalorganic chemical ture was 480 "C and the substrates were GaAs, oriented
vapor deposition (MOCVD) suffers from the occurrence of (100), 2* towards (110).
a gas phase reaction between triethylindium and AsH, and The growth rate of InAs was approximately one mono-
PH,. This reaction results in a depletion of the amount of In layer per cycle, independent of the TEl flux. This indicates J"

available for incorporation in the solid as well as a nonuni- that a self-limiting mechanism, like one for the growth of
form composition across the substrate.)'4 Several techniques GaAs, ' is occurring. The grown layers were single crystal as
have been applied to reduce this problem. They include the determined by x-ray diffraction and had hazy surfaces be-

useoftrimethylindium (TMI)' and adduct forms ofthe me- cause of the large lattice mismatch. A cross-diffusion test,
talorganic indium' which react less with the hydrides than similar to that for the ALEofGaAs,."' was also performed
triethlyindium (TEl), growth at low pressure7 to reduce the to ensure that growth was occurring by ALE and not by
amount of time that the species are mixed, and the addition gases diffusing from one side of the growth chamber to the
ofN2 to the H, carrier gas"5 to reduce the thermal boundary other. This was done by positioning a substrate under the
layer thickness in which part of the reaction occurs. TEl input tube with both the TEI and AsH3 flowing. This

The atomic layer epitaxy (ALE) of several Il-VI" and resulted in a rough, metallic deposit which could easily be
III-Vt '"i compounds has been previously reported. In this scraped off. Additionally, no InAs could be detected by x-
letter we present our results for the ALE ef In-based com-
pounds and demonstrate that this technique has the poten-
tial to reduce the gas phase reaction between TEl and AsHI
and produce layers with improved compositional unifor- urn [it

mity. Since growth proceeds by the deposition of' a single C olu m n V k k Col Il
layer at a time, thickness control and uniformity are also , %
expected to be very good.

The ALE of InAs was first investigated using TEl. The
growth chamber and susceptor designs have been previously Sustat

reported.'.' A schematic of the susceptor is shown in Fig. R o t a t i n g
I.TheTEI and AsH3 enter the growth chamber through two o ar t
separate inlet tubes. These gases flow through holes in the F i x e d
susceptor and only impinge on the substrate when it is rotat- p a r t
ed directly under a gas stream. Thus, growth proceeds by the
deposition of a layer of In, rotation to the AsH. side, and the FIG. I. Schematic diagram of the susceptor used for growth by ALE. The

deposition of a layer of As, and this cycle is repeated as many input gases flow unimpeded until the substrate is rotated directly under the

times as desired. A typical run consisted of 1200 cycles. The inlet tube fo
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FIG. 2. Percent indium ii Iclloy is t I .I l , ,o ltoigh I I I li hlt radial direction. The H. flow through theTEl bubbler is450sccm. Uniform

These value% are taken front the cettir oft lie si~l' raie. (0) AU, I(' layers are produced by both methodswhen tie amount of iildum is less thall

conventional bulk MOCVD 20%- (0) ALL, (1, A) ctonventional bulk MOCVD.

ray diffraction, flow controllers associated with the TEl and TMG bubblers.
InGaAs was next grown by ALE. This was done by The variation of the solid composition of InGaAs in the

combining the TEl and trimethylgalliun (TMG) gases In radial direction is shown in Fig. 3 for a H, flow through the
one inlet tube and keeping the AsH, separate in the otier TEl bubbler of 450 sccm. Also shown is the variation for
tube. The experimental setup and rotation scheme was the InGaAs grown under identical conditions by conventional
same as that for the ALE of InAs. However, in this case a MOCVD in the same system. Uniform layers are produced
cycle consisted ofthe deposition of a layer ofGa + In, rota- by both methods when the amount of indium is less thart
tion to the AsH, side and deposition ofa layer ofAs. The H. 20%. It is evident that growth by ALE gives greater unifor-
flow through the TMG ( - 13 'C) bubbler was 4 sccm. The inity across the substrate for large In compositions.
H, flow through the TEI (20 *C) bubbler was varied from 75 The AsH, and TEl are separated during growth by
to 450 seem. The AsH, flow was 25 sconi. The I I car:ier ga, Al.l F and thus any gas phase reaction between the two is
flows for the column Ill and column V species were 80M
sccm each. The growth temperature was 630 °C and the sub-
strates were GaAs. A typical growth consisted of 1200 cy- G A S N L E T
cles. GROWTH

The growth rate of InGaAs was again aboul one nono- C H A M B E P

layer per cycle independent ol Ihe coltinmn Il flx Tb ui is tile
self-limiting mechanism described for GaAs and InAs is also
present in the growth of InGaAs. The deposited hlins are
shiny forx <0.1, and start to become hazy al larger Il corn-
positions. The composition of tile layers was delermined by SBT A

x-ray diffraction. SUBSTRATE

The incorporation of In in the solid by ALE is quite
linear with the TEl flux, keeping the TMG flux constant.
This is shown in Fig. 2, which also shows the composition of
InGaAs layers grown under identical conditions by conven-
tional MOCVD in .he same system. In this case. the TMG. I
TEl, and AsH3 flow together through one inlet tube direclly R O TAT IN G P A R T
onto a stationary substrate. The compositions plotted in Fig. O F S U S C E P T O R
2 are taken from the center of the substrate. It is evident that
the linear range is greater by ALE than conventional 11 4. Detail of the growth system showing the 'elationship between the
MOCVD. Larger In concentration in the solid may be position of the gas inlet tube and the substrate. Note that the inlet tube is
achieved by ALE; however, we were limited by the ma:,s shifted to the left of the center of the substrate.
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preventedtrorn oc-curring. Thle Situation is quite difflrent if) demonstrated by the production of large area ZnS clectrolu-
the 9onventional bulk growth. In this case, tile AsiIl, is mlinescent displays by ALE.'
mixed with the TEl and a gas pha se reation01 Can take place The growth of InAs and In, Ga, I As (0<- x < 0.43) by
in the inlet tube to the growth chamlber, fin the growth atoinic layer epitaxy has been demonstrated. A self-limiting
chamber itself, or within thermal boundary layer near the miechanismn has been observed which contrcls the deposition
surface of the hot substrate. The inside of the inlet tnhc to il ont one mionclayer per cycle independent of the colun
showed a yellowish discoloration after thle bnlk growth of 1ll flux. The inlcorporation of [In in the solid and the compo-
InGaAs wvhich indicates the possibility of af close to room- sitiOuial unliformlity are improved fin thle layers grown by ALE

- temperature reaction. Tlis discoloration did not occur1 %% fili as compar-ed to conventional MOCVD fin the same system.
thle ALE of InGaAs. However, as shown fin Fig. 3. thle inner- Th~ese results indicate t hat ALE miay be able to produce ter-
most portion of thle bulk-grown laser ne1ar zcr o cm l) hias iii nary, and possibly cluarterrtary ( such as InGaAsPl aid
In composition similar to that of thle A.1(f ILlye rwnudr iaAsSb ), layers over large areas with uniform thickness
identical conditions. This indic ates that tile rooni-temipc ra- aind composition. ALE mlay also be used as a tool to investi
ture reaction in and direcftcl% (tic lieiiput i hnc dfoes nlot gate various aspects of ,rowthr mechairisrns by MOCYD.
significantly reduce the TEl concentration in thle gas phase. Thle aluthorls Would like to thank thle Alir Force Office of

The variation in the In composition by hulk growthr niay Scienifici Res,, :ch for suppofrting this work.
bc explained by a reaction between AsHl and TEjI in) 11le
thermal boundary layer above the substrate. The eXperlimert-
tal setup is such that the column Ill gas streamn is inlcidlenit Ol GC. ()shuri. J. Appt. Ph'., 35. 1580 t t982).f
the inside portion of the substrate as shown in Fig. 4. Thle :S M. tledair, T Katsuyarna. NI Timmnirs, and M. Tischler, tEE2. Dec-

gases must then flow outward to reach the other side of the iron Desice Leii- EDL-5. 45 1984).

wafer. As the gases flow,, outward over thie hot substrate, thie 'H tMN Manasevit and W J. Stinitson, J. Hetcrnchein Soc. 120. 135

AsH, and TEl react, resilting in at reduction in the miole 't; J. fltiga and S. K. Ghandh. J. Etecirochem. Soc. 122, 683 ( 1975).
fraction of TEI in the gas phase and a corresponding reduc- 'C P'. imu. J. S. Yuan. R. M. Cohen, J. Dunn. and G. B. Stringfetlow,

tion of In in the solid as showvn in Fig. 3. This hyvpothesis is Apttpt Phy%. Leii. 44, 550 t 1984).

consistent with the results of' adding N, to thle If, carrier- JI Pt Duciciin . Bonnt G Berh 68, an F94. Kesh nt hs
gas.'-' In this case, the higher thermal conductivity of N, S' crc i. 45 .10 o ncr 19 7tite 8n .Ketc.trut h..Cn

with respect to H,acts to reduce I le thermal boundary layer \1t. Sacditit,.A. Nlircea, and R. Azoutay, J. Crysr. Growth 63,1lit (1983).
thickness resulting in a smaller volume in wvhich the reaction "NI. Pessa. R. Maketa. and T. Suniota, Appt. Phys. Lett. 38, 131 (198t1).

"J Nishizawa, 1-. Abe. and T. Kurabayashi. 3. Etectrochem. Soc. 132,1t197
can effectively occur. This approach has been used to in- (1995).
prove the quality of In,,,,Ga,,.,,As grown orr InP s,.b- ''S M.Btedair, M. A. .'iSLhterT. Katsuyama, anidN.A. Et-Masry, Appt.
sti'ates. 7 ,' The ability of ALE to produce layers wvith good F'hys. Lett. 47, St (1985),

compositional uniformity indicates that it may be a promis- MI. A. Tischter anrd S. N1. Bedair. Appl. Phys. Lett. 48, 1681 (1986).
"l! -Sniso,. MI. Gra'sschauer, Mt. Han-rib., L. Hiltren, T. Koskinen. M.

ing technique for producing ternary, and possibly quater- I eskehi. 1. Njjnit. G. Stii,.der, and M. Tamrmenmnaa, Fresenius Z.
nary, layers over large areas. This inherent conrtrol has been A\nal cUwun. 322. 175 (198X5)
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Ultrathin lnAs/GaAs single quantum well structures grown by atomic layer
epitaxy

M. A. Tischier, N. G. Anderson, and S. M. Bedair
Electricul anit Comnputer EnLZbwe(rini I) -upar/ia i . /ho 7911. \pii! Ip u rc1hu Staie Umrn ,r . R ul'ig/i.

Vorti Carolitia 2 7695- 791I

,Received 14 A ugust 1 986, acce pted forl pohi aliiti 1) Septcmhlei 1986)

Extremely thin lnAs/GaAs single (Itiioini ll st viitiiis hal% ht bee gr-O%% 11 Lw i(tn it Clae
epitiiv. The \lI,, mvre id 4 lIn \ iionil;istis ti ck l'lotohmiiuiiscciice spectra ( 11) K
fromt these structures are shirl. Intensekll . Ild tiliiihrrii i1CIOSs tlhe sailiple %ilh fll wkidths at
hahf-iniamitm for the 2 and 4 mniolavcr wecl Is of 12 andI 1 7 meV, respect ively. These resii s
ndicate thle high dcree of control 11hilInti atoicl la. er cpitaxv as wel as its ability to grow

high qualit\ vmaterials,

ti~iiatini \% ill, midt stiperlattikecs. ais \%L1 liastlc deit.Ce inl- ( NIG ) artIvI ill mlaneouIsINlya thle substrate. The GaAs
c:orpoia In,_, t hese Sltuct tres. ,[l such as10 nio t on-ope (11tLonfinirig lavers and( the lnAs wells were grown b\ ALE
field-eff'ect transistors ( NoI()'1's ) atid qILiAil1111il wcll I;] - Hie details of tile ALE growth process have been reported

serqreire thie abi) lit\ to produ[e(11 1hiiii \%il iahi upl pivoI v - To ensure that the InAs was deposited psen -
interface,,. Th single \\antu l i ( SQW .Ill pMIIrIt icha. is tlonorpliicallv (elastically strained), the well widths were
of great interesi beca use it canlh bed u'lto IMi est lgat ph\ sits kept below thle c-rit ical thickness h, for the onset of disloca-
Ii the quan turn regime als well as tilie albilit 01 1i growt\ Ill ton generation.' For t his large lattice mismatch (7.4 '/-

system to prodUnCC these s0Iiui isticat d St met ii its, I litst tIe- h. is about 20 A.
mnanding reouireients have been achieved, il it Ii I mcC i;i- As shown in Fig. 1, the growth consisted of first 180
5i re ofsuccess. byv ritleti ar beciii aX NI l1l1 anid [Ic ts i o GaAs ( -500) A) for the bottom confining layer.
talorgatiic chemical vapor deposit ioin t( )(V 1) , Il hi, li[lie T\IG source was hencr turned offand the triethylindiumn
letter wye report onl very (hii lli IAs stinle]( tant mi vclk Is M l ) souirce was turned onl. The InAs wells were then
growvn by a different technittue. atonict aver epilita\ gro\Vn Using either two or four cycles, each cycle corre-
(ALE)."-' We have pz1c% ioiisl\ re-pirtetl)I inlit aioiie la ' i. spoutti g to one monolayer of I nAs. Then the TEl source

epitaxy of GaAs. I nAs. and (InCia)As." "Thei pliotoli- was turned off, the TMG sourcc turned on, and the 180 cycle
minescence (PLI) datat froml these SQ\V structureCS inICateI C 500 A) GaAs top conifining layer was grown. During the
that ALE is capable of growing Luniforni. thinl la~ ers wvit vi as switching period between TEI and TMG (1.5 min).
extreme]\ abrupt interfaces, the subs;trate sat under the AsH, flow. The gr h tempera-

Atomic layer epitaxy is at relatively niew\ technique for [tile for the ALE layers w~as 480 0C. The surfaces of these
synthesizing compound semiconductors which has the po- iteswere smot admrolk. Caclte its.ftl
tential for very precise control of the growth process." (10 tLitm wells are approximately 6.6 and 13.1 A, respecti\ e-
Growvth proceeds by tilie alteriiate deposit iou of thle col u in 1\. assusiiiing a value of 3.28 A pe mionolayer for pseudonior-
Ill and column V species (for the growvth of Ill-V seinicon- pine InAs strained to lattice match GaAs.
ductors). This is inl contrast to conventional growvth wvhere The single quantum wells were characterized by photo-
all of the species arrive at the suibstrate, sjjuiiicisly. Onte luminescence spectroscopy wvhich is veiy sensitive to materi-
very important feature of ALE is that only a single mono- al and interface quality. CiJHigh quality SQW's typically
layer is deposited at a time, thus giving excellent control ex\hibit sharp. intense peaks.'"- Ini preparation for PL, the
of the layer thickness. GaAs, for example, is grown by thle samples were cleaved into squares 2-4 mim on a side, mount-
deposition of a layer of Ga or Ga species, followed by the ed in Ini onl a copper sample holder, and cooled to 19 K in a
deposition of a layer of As or As species. Since onily one
monolayer of GaAs ( -2.83 A) is deposited per cycle, the
total thickness is determined only by the lattice constant of
the material and the nunmber of cycles and canl be controlled ALE GaAs (500 4) VALE InAs
very accurately. Additionally, very abrupt interfaces are 2, yce
possible simply by changing sources and continuing wvith the ALE GaAs (500 A) %2 4 ccls0
growth.

A schematic of the SQW structure is shown inl Fig. 1.~ GaAs (1 um
The substrates were silicon doped (N, = 3 x 10") GaAs,su tre
orien ted ( 100), 20 t ova rds (0 11 ). Th e g rowI t ta kes pIacc i n IGaAs susrt
a modified atmospheric pressure metalorganic chemical %,at
por deposition (NMOCVD C system which has the capabilit%
to grow material by both conventional MOCVD aind A L.

The -. tmthik Gas buferhiver ws grwn 1y en vem- I t( tti t omicthe inA%/GaA% siitgtc itianilim wett structure gro" ni
Th -u-hc a~ ufrlvrws- rnb o n 1,% ai,,nhi tiver epiix thle huter layer is grown by convetioniat butk

tional MOCVD, that is, with thle Asl-l and irimietbvlgallitn Nt(WIt)A
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4) single qtiallturil well s1i ui tiles )Its been demiinst rated V).

welsshow sha rp I~irse peaiks~5 ir F I:H N for (lie 2 anrd 4
cycle wells k orresponldino - 0.0 and 13.1 A l)? ai 1 id I -I IOcV, respectively. rhse are, a Iiiiii t he narro%% est i cHLd

800 825 850 87 5 900 925 950 fot' suIch thinl Well', Ill tisl' i1r othrl Illiiter-ial stemls. The Ine1
shape and FWII NM aie also % erN unilform across eatch sample

W ave length ( n m IIn) addition, 2 Cycle sItiL rs il-t055O SeVeln mon hs Pa .1;ri

FIG 2.Phitoum necene pedra~ii li: aid t ccle51igi ai lii show almlost ident teal spec il characteristic,,. These restills

wells. The integer next to each snect i Ini ciircstiiiims till ii iiLiriihCc 4 inA, i~iit htALhsteati\trgo nfr.lll ul
iontotaycrs in the welt, its Tiitrial \\-ith excellenrt control of layer thickness, :iiil

irtert-ace IAIuptnes. This control is inherent Iii AlEl be-

closed cycle He cryoslat. A c%\ .5r 'laser (A'~ 514~ S.A j \k is cautse gr~ow(t proceeds onle iorroIlayer all at tune.

used ats an excitation sillrc i,%it], the he-Irr liieiiscd lii ;hoiil a Ir aritlirirs \rrtjld like I() ;rekrrrwlcdgctreistiie

30-1 in spot onl the sample suirface. A reltivel\ liphl p105 cr l(. M. Kolhas and lie suippiort ft t(lie Ali i (OC )thiee (11

density of about 1.7.: 10' W/ciiir was used for cxselittron. Scienrtific Research and the Natiirnal Science Foundationl
The PL spectra were ohtained utsing a (0.04-11 spect rnometer
and a cooled S I photomultiplier.

Thespectra for the 2 and 4 cycle wells tire srowii Ili Fig.
2. The luminescence is strong with narrow spectral %tdt lrs.
indicat ing the high quality ofthle rraterial and tire urterl .aces. '\V 1. ('arrejid F. U< Sclttihern. Nppl llli\s Ltti 49. 220ii 1'i),

The FWHM of the spectra are 12 aid 17 nreV (fortlhe 2 arid C I- scai_ R Shteaf\. . f t:,siiir.1).3. Co(.riimi.o iiiC. 13 (.;tirr
J, Appt. lmti 59. (ON 1 1986).

4 cycle wells, respectively) arid are aniomng tlire irarrowest I I Kiatr. K. Kanreki. anid \ \'i~n~h.J ,\pp j
m

ti% 56.4 1ii I II-s-

reported for Such thin single quantum Wells inr this or othier 'C'. P K it,. K. t. IPy* jiut ( 13 5 iceho.App) titi\ Lett 47.

material systems.'-"-'('i Ai idenrtical 2 cycle SQW' strucet rc. 19"
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spectral characteristics. Peaik enrergies arnd full widtfirs atl hazl 'D .Wlh .W VI,.n xnoi pllh, et4.-
maximum ( FWHM ) for these 2 cycle structures are \\ rtln \\19 tc:t4. (I. (. 198.5iit)tLt rn pI h .terI4.

8 and 0.5 meV, respectively. 1: .t Gruniirliner. t\1 YiYei. R Petiiiiile:!. 1 C t . .\~nliki 1,

The potential of ALIE tin -,io\ with a highl ilegrec ()I H t* lein. ArPhi I err 46. 98.1 ( 1951
N. G An\dersirr. W I R..d~ \1S Kiilliix.1d ijNi C. to. J Apr'I I'll"

spatial thickness uniformity hras also heein studied I'r sari)- 60. ?3~I',1,] )
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across each sample are su nrmar red iii *rable i. ['lie peaik ( qN)

energies, spectral widths. and~ line shapes acr oss each salirple Mt AS t1 li1ci0.iid S Mt ttcdarrl AppI. I'ti%., Lett. 48, t68in S) oi

are very uniform which indicates a high degree rfcotiil (if' "M A5 tiwhtl-i iiid S Mt tiedai. .. ppl. tPtrN. Lerr 49. 274 itm

layer thickness and iterfae qutality. Tire peak eirerg \ ai- "MS A ri~ctiler ant S %t ltedir. J . Crysti Growth (I() bi e pub)liled I
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difference between (lhe 2 arid 4 cycle StI ruetUires sugget11 rig Dccaud .A, Regvmii. JA 11111r\ . .iitd A Ctiiieiic. J. Appt PhS'.

that the layers are Utnifornm to within onie monolayer, lire 59. t16t3 I 986)

ability to produce uniformi lamers is \,ery imnportanrt Ill ilrairy 'JH lrt.IS oei.adP ~so.Autthstn4.II
applications. For example, iii Ga;As integrated circuits. "ar Singh K K tiajaj. Miid S CliandLuni. AppI Phvs. c44. S05 i lis5 .

iations int channel ti~ickness trinslatte iito threshrold s iaris 1 (ii'tnl-.i F Oi,. J ) Matin~r. Mt N Ctr~. ainl (-, I eN''L.\

variations. Appr. Pliys. Lerr 47. 101) tI'5
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Lifetime Test for High-Current-Injection
Strained-Layer Superlattice Light-

Emitting Diode
T. KATSUYAMA, Y. J. YANG, ANt SALAH M. BEDAIR, mi-xmiLR, Wii{i

Abstract-Successful long-term room-lemperature operation of average lattice constant can be matched to that of GaAs
lnGaAs/GaAsP slrained-layer superlaltice (SIS) light-cmilling diodes Therefore this SI S can be incorporated with GaAs and
(LED's) under high conslant current injection is reported. The des ices AIGaAs device structures without the formation of misfit
have been tested up to 1000 h with 830 A/cm', 2000 h with 3000 A/cm, dloIations at the heterointerface. Several potential applici
and 2000 h with 4000 A/cm' with no observed degradation in the optical
outputs. These results indicate that an SIS with lattice constant well tions of this SLS including LED's [7], defect reduction (15].

ma(ched to that of (he substrate is stable tinder high-leV; current and solar cell [16] have been reported.
injection. The LED structure was grown by metalorganic chemical

vapor deposition (MOCVD) at atmospheric pressure. Tri-

ECENTLY, strained-layer superlattices (SLS's) which methylgallium (TMG), triethylindium (TEL), AsH 3, and PH,
1R .consist of atc,ating thin layers of two semiconductors were used in Ga, In, As. and P sources, respectively. H2Sc
having diff atent lattice constant in bulk crystal form have and dirncthylzinc (DMZ) were used as the n-type and p-type
received considerable attention in electronic ard optical device dopant, respectively. A schematic cross section of the device

applications. The basic electronic and optical properties of the is shown in Fig. i. First. a Si-doped 0.3-jim GaAs (n - I x

SLS's can be modified over a wide range by a proper choice of 10 cm -3) was grown on a (100) Si-doped GaAs substrate.
mateialandgeoetrcalparmetrs I].A nmbe ofThen an undoped ten-period Ino 1Gao.9As/GaAs0.gP0.2 SLS

material and geometrical parameters [I]. A number of active region was grown by injecting TEl and PH3 alternatelv
applications using those SLS structures in lasers [21-161, light- durin h s grow n of inTetin f a ch aerately
emitting diodes (LED's) 17]-[9j, photodetectors [101-[121, during the growth of GaAs. The thickness of each layer isemiting ~ s) pooetetor ,'about 100 A, (total active region is about 2000 A ). The
and FET's [13] have been reported. Although these SLS I s at bet a athe wo copoun in bul

have great flexibility, in device design, their reliability has mismatch between GaAs and the two compounds in bu.Z-

been questioned. In particular, it has been observed that under crystal form is ±0.79 percent. Finally, a Zn-doped 0.5-ph

conditions where constant high-level excitation or rapid GaAslayer(p-Ix 1011cm-3)wasgrownontheSLS. The

thermal cycling is required, the SLS devices are unstable [41. growth temperature was 630C for all these layers. A SiO-
Ithermalcycling is noied,, theman SLS isrustablre [n. layer (2000 - 3000 A) was deposited by plasma-assistedIt is noted, however, that many of SLS structures arc not

lattice matched to the substrate. Consequently. mistit disloca- CVI) to make a 6-pm-wide stripe structure. The wafer was
ltions are always geterated Consequently. t SLS thinned down to about 70 p~n and polished; then ohbtic
Saecontacts were made by depositing Au-Sn-Au (100, 200, 1000and the substrate when a total thickness of the SLS exceeds a A) followed by annealing at 300"C for 10 s for n-type and

strain-dependent critical thickness [14]. In order to avoid the Au-Cr-Au (100, 200, 1000 A) for p-type. Finally, the wafer
generation of these iisfit dislocations, device structuresnorall inorprae wth bufe laer hos lltic ¢nstmtwas cleaved and sawed into individual diodes with typical
normally incorporate with a buffer layer whose lattice constant dimensions of 250 x 300 junm. The ideality factor for these
is equal to the average lattice constant of the SLS. However. diodes tanged between 2 and 3 over three orders of magnitude
misfit dislocations are sti!l generated between the buffer layer one ra current scale.
and the substrate and propagate toward the SLS. This probably Diodes were mounted to a gold-plated copper block with the
explains why SLS devices such as photopumped lasers arc Dioe face onted by a g cppe oca utpt
unstable especially under high-level excitation. p-type ace down and held by a spring clip. The optical output

In this letter, we report a series of lifetime tests for lnGaAs/ was detected by a Si photocell. Three current injection levels.
GaAsP SLS LED's to investigate the reliability of these namely, 830, 3000, and 4000 A/cm2 , were used in our lifetime
structures. Since the InGaAs/GaAsP SLS structure consists of tests. Seven devices have been randomly selected and tested ,'.

alternating InGaAs and GaAsP layers with equal and opposite (one at 830 A/cm 2, one at 3000 A/cm, and five at 4000 A/
lattice mismatch with respect to the GaAs substrate, the cm 2). Since the junction of the diode is formed less than I pin

below the p-type electrode, the current spreading effect is not
Manuscript received January 7. 1987; revised February 26. 1987. This significant. Current-voltage measurements performed on sev-

work was supported by the National Science Foundation and the Air Force eral samples which had no direct connection between the metal
Office of Scientific Research. contact and p-type GaAs layer (i.e., the SiO 2 layer has no

The authors are with the Department of Electrical and Computcr F Engine or- so
ing. North Carolina State University. Raleigh, NC 27695-7911. stripe cut through it) showed a current three orders of

IEEE Log Number 8714672. magnitude less than the current through the tested devices. All
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Au-Cr-Au 300OA/cm 2

250 SIO S102 (0.2-0.3 nm) 100

/P-GaAs:Zn (0.5rmo 1- 1

D ~4000A/cm2SInGaIAs/GsAsP SLS 3A©
2

0 (no stripe contact)

n-GaAs:Se (0.3*m) <

n-GsAs:SI Substrate _
. 50

Au-Sn -Au 0

I--

Fig. I. Schematic drawing of SLS LED structure. The uttdopd active =
region consists of ten-period In,,Ga, ,As/GaAs, ,P, SLS (each layer
- 100 A) with lattice constant equal to that of GaAs. ..

1 10 100 1000

devices, including the ones without the metal contact stripe, OPERATING TIME (h)
s300 m 2), and were tested at the Fig. 2 Optical outputs as a function of operating time. After the initialwere the same size (250 X 3reduction (less than a few percent) no degradation has been observed.

same operating forward bias (1.45 V). Therefore the leakage
current across the edges of the diode and through the SiO,
insulation layer will be less than a fraction of a percent of the
total current flowing through the junction. Moreover, the (a)
optical output for a given input current was found to be
independent of the size of the diod: for the same 6-pitn-wide 7 7 It

stripe structure. Consequently, the current density is deter- 2 1910 K

mined by assuming the effective current injection area of 10 x 2

250 tam2 for a stripe structure whose contact area is 6 x 250 2

/1m2.
Fig. 2 shows the optical outputs as a function of operating z

time with constant current injection at room temnperature. No n
degradation in the optical outputs has been observed. For - 7 7o9

instance, for a 830-A/cm 2 current injection, the diode (no . 27.4mV - 39.4meV

stripe structure, full-surface metallization 125 x 125 m2 )

has operated for more than 1000 h without degradation). The
device tested at 830 A/cm 2 has no stripe structure, but all the __

other devices have the stripe structure shown in Fig. I. It has 8600 90o0 9400 0ao 0

also been observed that there is no degradation up to 2000 h at W A V EL E NG N tH t
a current density of 3000 A/cm2 . By comparison, at 4000 A/ Fig. 3 Typical emission spectra of LED at 77 K and 290 K (a) before and
cm 2 , one of the five devices has operated for more than 2000 h (b) after 500-h operation with 3000-A/cml current injection. The spectral

peak positions remained unchanged, while the spectral widths were slightlywithout degradation. Lifetime testing at 4000 A/cm 2 on two of broadened.

the five devices was suspended at 100 h with no observed
degradation. Two of five devices tested at 4000 A/cm2 failed
after 6-10-h operation. Under such a high injection level, (he ct& the optical output decreases gradually as the current
device performance seems strongly dependent upon the density increases because of the heating effect at the junction.
method of device processing and mounting. We think that the The lifetime test was interrupted after 500-h operation for
catastrophic degradation of two samples at 4000 A/cm- is not the spectral measurements. Fig. 3 shows typical emission
directly related to the device structure, since other devices spectra at 77 K and 290 K both before and after 500-h
showed long-performance lifetimes. Although not shown in operation with 3000-A/cm2 current injection. The spectral .
Fig. 2, there are slight reductions (less than a few percent) in measurements were done with the current density of 200 A/
the optical outputs within the first hour. This reduction is cm2 both before and after the aging test. After 500-h
somewhat larger for the diode which has no stripe structure operation, the spectral peak positions remained unchanged,
than it is for a stripe-structure diode. This is probably because while the spectral line widths increased slightly (3.6 meV at
of a larger surface leakage current due to the structure which 290 K, 3.9 meV at 77 K) as illustrated in Fig. 3. After 2000-h
has no SiO 2 insulation layer. For a stripe-structure diode, such operation (not shown in Fig. 3), the spectral peak positions
an initial reduction in the optical output is very small. Under a still remained unchanged, while the spectral line widths
high-level-injection condition at which the optical output increased (2.1 meV at 290 K, 3.5 mcV at 77 K). The
almost saturates, a slight reduction in the optical output has mechanism responsible for this broadening is not clear.
been observed. This is mainly because of junction heating However, this broadening may be attributed to the impurity
caused by the high current injection. In fact. above 4000 A/ diffusion into quantum wells. The interdiffusion at the SLS

'k
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InGaAs/GaAsP strained layer superlatticcS haVe bcCii grown by metalorganic chemical vapor
deposition on (100) GaAs at 630 *C. The superlattices consist of 5-45 periods of alternate
InGaAs and GaAsP layers with equal and opposite lattice mismatch up to 1. 1% with respect
to the GaAs substrate. Thus, their lattice constant as a whole will be matched to that of GaAs.
Cross-sectional transmission electron microscopy and x-ray diffraction measurements indicate
that the superlattices have high structural quality with no misfit dislocations at the interface
between the superlattice and the substrate. A very intense and sharp photoluminescence
spectrum (linewidth = 4 meV) at 4.5 K suggests that the interface abruptness is less than two
monolayers. Photoluminescence measurements along the beveled surface of the superlattice
also indicate a high optical quality within the superlattice as well as at the superlattice/
substrate interface.

I. INTRODUCTION cations of In. Ga, -. As/GaAs, _PY SLSs grown on GaAs

Semiconductor superlattices (SL) have been developed substrates, such as light emitting diodes (LEDs), 4 defect

recently and have provided both fundamental and technical reduction,' 5 and solar cells.' 6 In this structure, with y = 2x

interest. Their properties, in principle, can be tailored by a and equal layer thickness, the InGaAs layers will be under

proper choice of the materials and geometrical parameters. biaxial compression, whereas the GaAsP layers will be un-

Most of the superlattice structures widely investigated are der biaxial tension and the average lattice constant of the

usually grown using lattice matched material systems such SLS will be equal to that of the GaAs substrate. The unique-

as GaAs/AlGaAs. However, superlattices can also be ness of this SLS is that it allows the use of GaAs and AIGaAs
grown from lattice mismatched material systems which offer for a device structure without the formation of a high density

more degrees of freedom.' In such a structure the lattice of misfit dislocations at the heterointerface. They may also
mismatch between the two compounds is accommodated by provide enhanced carrier collection due to strain,'7 as well as

elastic strain rather than by misfit dislocations at the inter- a larger band-gap discontinuity. In this paper, we report the

face as long as the thickness of each layer is less than a strain- growth and characterization of InGaAs/GaAsP SLSs

dependent critical thickness.2 .3 The first strained layer su- grown by MOCVD on (100) GaAs substrates. Structural
perlattices (SLSs) were grown by vapor phase epitaxy using and optical quality as well as interface quality of the hetero-

the GaAsP/GaAs system.4 Recent developments of crystal junction was examined by x-ray diffraction, transmission
growth techniques, such as molecular-beam epitaxy (MBE) electron microscopy (TEM), optical microscopy, and pho-
and metalorganic chemical vapor deposition (MOCVD), toluminescence.
allow the growth of high quality SLSs such as InGaAs/
GaAs and GaAsP/GaP.A- Although these SLSs show flexi- II. MOCVD GROWTH OF lnGaAs/GaAsP SLS
bility in device designs and have good optical and electrical The InGaAs/GaAsP SLSs were grown by MOCVD at
properties, their average lattice constants are usually differ- atmospheric pressure in a vertical reactor. Trimethylgallium
ent from those of their substrates. Therefore, the total thick- (TMG) kept at 0 *C and triethylindium (TEI) kept at 20 *C
ness of the SLS must be below a certain critical value, or a were used as sources for Ga and In, respectively. AsH 3 and
buffer layer whose lattice constant is equal to the average PH3 , both 5% in H,, were used as As and P sources. Palla-
lattice constant of the SLS is required toavoid the generation dium diffused H2 flowing at a rate of 3.6 1/min served as a
of misfit dislocations at the interface between the substrate carrier gas. The growth temperature was 630 *C, which is a
and the SLS. This requirement restricts the use of SLSs as a compromise between ideal growth temperature for the two
part of a device structure. Several material systems can be ternary alloys. For GaAsP, a relatively high growth tem-
thought of to overcome this limitation, allowing the SLS as a perature is required to obtain a wide range of GaP composi-
whole to be lattice matched to a given substrate. Examples tion because phosphorous incorporation is low at low tem-
are InGaAs/GaAsP, GaAsP/GaAsSb, and GaAsP/In- perature.'" This is explained by the low PH3/AsH 3 pyrolysis
GaAsSb on GaAs substrate9 and GaAs/InAs, "' AlInAs/ ratio at low growth temperature. On the other hand, for In-
InGaAs,.... and In.Ga, .As/lnyGa, -As'"on InP sub- GaAs, a lower growth temperature is preferable, because
strate. InAs incorporation decreases as the growth temperature in-

We have recently demonstrated several potential appli- creases. A relatively low growth rate ranging from 100-I150
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TABLE I. Typical growth conditions for several In, Ga, - As/GaAs, P,. SISs.

Gas phase conmposilion (1mol/min) Solid vomp(,,iioil f " )

. . ......... .. Thickness of Number of Misfit with respect
Run TMG TEl AsH, I1H, x *. period (A) period toGaAs (%)

227 12.3 8.8 81 81 11 20 230 45 0.79
239 12.3 13.1 81 122 15 3) 130 5 1.08

A/min was used for both lernari s t:) minimizc the gas trai- other SLSs, such as 1nGaAs/GaAs J and GaAsP/GaAs,
sition effect and to obtain better control of the layer thick- when the total thickness of the SLS exceeds a strain-depen-
ness. The substrates were (100) GaAs oriented 2* toward the dent critical value that corresponds to the average composi-
(110) direction. They were prepared ty a standard solvent tion of the SLSs.
cleaning and etching in a H2SO 4 :H 20:H,O2 (7:1:1) solution Cross-sectional samples for the TEM were prepared by
for 5 min. A series of calibration runs were made to deter- lapping and ion milling two pieces bonded together face to
mine compositions and layer thicknesses which will give a face. Figure 2 shows a bright-field TEM image of a 25-period
equal and opposite lattice mismatch with respect to the SLS. InGaAs layers appear as dark bands while GaAsP lay-
GaAs substrate. ers appear as bright bands. The image shows a periodic

The SLSs were grown on top ofa thin (-0.2/im) GaAs layered structure with equal and uniform thickness for the
buffer layer grown at 630 *C. The growth ofthe first InGaAs two ternary alloys and no misfit dislocations at the SLS/
layer was initiated by turning on the TEl flow. After a period substrate interface. The period of the superlattice in Fig. 2 is
of time giving a desired thickness of InGaAs, the TEI was
turned offand the PH 3 was immediately turned on. Then the
PH 3 was turned off after a certain period of time, giving a
GaAsP layer of the same thickness as the InGaAs layer, and
the TEI was immediately turned back on. In other words,
TEI and PH3 'were alternately injected into the growth
chamber during the growth of GaAs. This gas switching
procedure was controlled by a computer and continued until
a desired superlattice thickness was obtained. Individual su-
perlattice layers of different thicknesses and compositions
were grown by keeping the flow rate of TMG and AsH3
constant and changing the growth time and flow rate of TEl
and PH 3. Table I shows typical growth conditions for several
In. Gal - . As/GaAs, - ,P, SLSs. The solid compositions of
each ternary layer were determined by photoluminescence
and x-ray diffraction of hulk epilaxial layc s (Ihickitess
>0.5 pm) applying Vegard's law. The stperhatlice thick-
nesses were measured by optical microscope x-ray diffrac-
tion, and cross-sectional TEM.

III. CHARACTERIZATION

A. Structural properties
In. Gat - . As/GaAs, - ,, P, SLSs have been grown with

compositions of 0.05 <x <0.15 and 0. 1 <y < 0.3 and periods
ranging from 130 to 400 A. Figures 1(a) and 1(b) show
Nomarski interference contrast micrographs of InGaAs/
GaAsP SLSs. The total thickness of each SLS is about I im.
The SLS shown in Fig. 1(a) was grown under the lattice
matched condition y = 2x with equal layer thickness
(x = 0.1). For this value (x = 0.1), the critical thickness
below which the strain is relieved elastically is about 200 ,k.
A mirrorlike surface indicates that the SLS is closely lattice
matched to the GaAs substrate. However, the SLS shown in ( b )
Fig. 1(b) (x = 0.16, y = 0.17) has slight cross*,atching
which is an indication of dislocation networks. This suggests FIG. I. Nomarski interference contrast micrographs of the SLSs. (a) A

mirrorlike surface indicates that the SLS is closely lattice matched to the
that the average lattice constant ofthe SLS is not matched to GaAs substrate. (b) Slight crosshatching feature indicates misfit disloca-
the GaAs substrate. This feature is also frequently seen in lions at the SLS/substrate interface.
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(PL). PL measurement was carried out at 77 and 4.5 K with
an ordinary grating monochromater and Si photomulti-

2 0 0 0 plier. An Ar-ion laser beam (5145 A) was focused on a sam-
'" pie with a spot size of 100/sm. The excitation power density

was about 500 W/cm2. Figure 4 shows the PL spectra for a 5-
period In,, 5Gao.8 5As/GaAs0 .7Po3 SLS (1 period= 130
A) at 77 and 4.5 K. A very intense and sharp peak located at
1.405 eV with a full width at half maximum (FWHM) of 4
mneV has been observed at 4.5 K. To the best of our knowl-
edge. this is the narrowest value ever observed in any ter-
nary-ternary SLS structures and indicates a very sharp inter-
face and the high optical quality of the grown layers. There
are several factors that affect the PL linewidths of the
lnGaAs/GaAsP SLSs. These factors include ( 1 ) periodicity
fluctuation of the SLS, (2) interface roughness (i.e., the

FIG. 2. Cross-sectional TEM image (bright field). Coherently st rained and height and size of islands), and (3) band-gap fluctuation due
dislocation-free layered structures (200-A period) have been observed. to a random variation of the composition of InGaAs and

GaAsP. Recently, several experimental results of quantum-

about 200 A, which is consistent with the growth rate cali- well structures (AIGaAs/GaAs,2 ° AlInAs/InGaAs 2 1,22), S
bration of the bulk ternary layers. as well as theoretical studics23 of PL linewidth, have been

A conventional x-ray double diffraction measurement reported. Based on reported data and analyses, we estimate

has been done using GaAs as a first crystal and CuKa, radi- that the interface roughness of our sample is less than two

ation as an x-ray source. Figure 3 shows the x-ray diffraction monolayers. The peak energy variation across the sample

pattern of a 40-period Ino. Gao., As/GaAso.8 Po.2 SLS in the ( - 1.5 cm) is about 2 meV, suggesting excellent uniformity

vicinity of the (004) reflection. The diffraction pattern con- of composition and layer thickness. The peak energy 1.405

sists of the (004) GaAs substrate reflection peak and several eV corresponds to the transition between the first electron
weaker satellite peaks due to the periodicity of the SLS. The (n = I ) and heavy-hole band. The biaxial compression in
number shown above each peak is the order of the satellite. the InGaAs well breaks the degeneracy of light-hole and
The peak linewidths (FWHM) are in the range 30-70 arc- heavy-hole valence band at k = 0 and increases the effective
sec, indicating a highly uniform layered structure. The aver- band gap of InGaAs. In addition, the quantum size effect
age lattice mismatch of the SLS to the GaAs substrate can be increases the effective band gap of the SLS. These two effects
calculated from the angular separation between the sub- result in the energy shift of about 110 meV from the bulk
strate peak and zero order peak (n = 0). Also, the thickness InGaAs value.
of each period can be deduced from the separation of the The optical quality of the SLSs versus depth, especially
satellite peaks. The sample shown in Fig. 3 has a 0. 187% near the SLS/substrate interface, was investigated using PL.
average lattice mismatch and a 222-Ak period. The thickness This was done by scanning the laser beam along a beveled
measurement by x-ray diffraction was in good agreement section of the layers. Several samples were beveled on a
with results from TEM, optical microscope, and growth rate Plexiglas plate using Ludox. The bevel angle was about 1/3
calibration, degrees, which resulted in a vertical magnification factor of

B. Optical properties

The optical properties and interface quality of InGaAs/ ,n uAS/G a, 7P

GaAsP SLSs were characterized by photoluminescence SS 4.K 77K

(400) OsAs

4.0.eV 8.0mev

n--2 n.-I naO n i

J 8700 8800 8900 000

-1500 -1000 -500 0 500 1000 1500

Diffraction Angle (are sec)
FIG. 4. PL spectra or5-period In 0.1 5Ga0o5As/GaAs0 .7 P0 3 SLS at 77 and

FIG. 3. X-ray diffraction pattern (400) orlnn., Gao, As/GaAs, IP,,,, SLS. 4.5 K. A very narrow peak (FWHM = 4 meV) indicates the excellent in-
The number shown for each peak is the order of the satellite peaks. terface quality (less than two monolayers).
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172X. Figure 5(a) shows an optical miorogra 1, of the be-
veled surface of an lnGaAs/GaAsP SLS with 45 periods.and

a schematic of the sample in cross section. The wider separa-
tions of layers near the surface are due to a rounded edge
from polishing. The laser spo t size was about 50/um and the
penetration depth is estimated to be less than 2000 A based
on GaAs absorption data. Figure 5(b) shows the PL spectra p
(77 K) of different spots (A-E) which correspond to the
position shown in Fig. 5(a). As the laser beam was moved
from position (A) to (B), the PL intensity decreased by
more than one order of magnitude. This is because of me-

chanical damage introduced by polishing. However, the
spectral shape did not change. From (B) to (D), the intensi-
ty still decreased gradually, while the spectral peak shifted

E (A slightly toward the higher-energy side and a shoulder ap-
peared at the lower-energy side. As the beam approached the
SLS/substrate interface, the shoulder grew, while the main
peak decreased and finally disappeared. As is shown in Fig.
5(b), there are some variations (-10 meV) in the peak S

nGaAs/ Ga A S L S emission spectrum from the SLS. These fluctuations can be
1/3 the result of compositional and periodicity fluctuation in the

SLS. The variation of 10 meV corresponds to the composi-
G a A s s u b s t r a t e tional fluctuation of about 6.8% in the InGaAs well assum-

ing no periodicity fluctuation. At the interface (E), the PL
linewidth became 9 meV, whereas the PL intensity stayed

(a ) almost the same as that of position (D). PL from the Si-
doped GaAs substrate was very weak and almost undetecta-

(bI ble, even at the position (E). This suggests that the photo-
carriers generated in the GaAs layer will be efficiently

T"77K collected in the first SLS layer which is InGaAs. Most of the

samples showed a tendency for the PL linewidth (FWHM)
to decrease or remain unchanged as the SLS/substrate inter-

face was approached. This feature is different from other
. SLSs whose average lattice constants are not matched to

those of their substrates. -4 We have done a similar experi-
ment on InGaAs/GaAs SLSs, which have similar geometri-

" cal and compositional parameters to those of InGaAs/
t--GaAsP SLSs. A significant decrease of PL intensity and
C X 1 spectral line broadening near the SLS/substrate interface

was observed. This is probably due to a high density of misfit
dislocations at the SLS/substrate interface. This result indi-

X20 cates that the average lattice constant of the SLS must be
.c matched to that of the substrate to obtain a high optical

E quality throughout the entire layer. This is very important, - '.

C Xespecially when SLSs are used in the active regions of de-
vices.

0.

(D ) X40IV. CONCLUSION

Metalorganic chemical vapor deposition has been used
for the growth of InGaAs/GaAsP strained layer superlat-

(E) X 40 tices (SLSs). The SLSs consist of alternate InGaAs and

8000 8400 8800 9200 GaAsP layers with equal and opposite lattice mismatch up
Wavelength () to 1.1% with respect to the GaAs substrate. Thus, the aver-

age lattice constant of the SLSs was closely matched to that -
FIG. 5. (a) Optical micrograph of beveled surface and a schematic of the of GaAs. The structural quality was examined by a combina-
sample in cross section. The bevel angle is about 1/3 degrees, which results tion of x-ray diffraction, TEM, and optical microscopy.
in a vertical magnification factorof 172 x. (b) PL spectra (77 K) along the These results showed coherently strained and dislocation
beveled surface. Spectra (A)-(E) correspond to the position shown in part
(a). The variation of PL spectrum is probably due to compositional and free layered structures. Optical quality was evaluated by
periodicity fluctuations of the SLS. conventional PL measurement. A very intense and sharp
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Molecular stream epitaxy of ultrathin InGaAs/GaAsP superlattices
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Molecular stream epita\ allms, s cveral molecuilar beani epita \\ ( MI DE) cou(cepts io take

place in at metalorganic chemilical \apor deposition reactor. InI this tchiquI(~e, the gi-o\Vtl ii
lnGaAs/GaAsP) suLperlattiCcs proceeds by rotating the substrate between two _,as (Alei-~1

containing trimliligaIum.11 (TMI( ), ltiieth liidiumi, and Asti and the other cotntaininig

ING. PI I , and Asi I . Ihis technique cliiiiiuie gas llo\N~ lirnuIiciits and pio\ ides, a mnethod to

mechanically shear off th li i:seous hon ida rv Ia',ci bet ween successive exposures. UIt rat i n
strained-layer superlati ices (SI.Ss .) wvit Ii 8-A-thick flmns have been obtaiited. The optical
properties oif these SLSs are comiparable to linsc obtained for equivalent superilitices b\ gas
source MBlE.

Molecular beam epitaxy (MBE) anid metalorganic between successive exposures. The clearance between tbe
enical vapor deposition (MOCVD) have been estab- surface of the substrate and the top piece of the susceptor is

lished as two major deposition techniques for the growth of several mils to avoid scratching oftesbtaewiemini-
semiconductor thin films. Each technique hais its own limlita- mizing the dead Volume.
tions and advantages. Recently, several eff'orts have been cIf- The growth process for the SLS proceeds as follows: The
rected to combine the advantages of both techniques. Examt- substrate is rotated to face tube A for a given time to grow ati
pies arc the recent imIpreCsive results Obta iined by gas soi11 c IniGaAs fi lmi of' a desired thItickniess. The substrate is thlen
MBE (GSMBE)' and chemical beain epitaxy (03IF)., r otated away from this gas stream and simultaneously shears
These efforts have been based on modifying the MBE growth off any residual gas film that contains TMG and TEL. This
chamber to allow the use of organometallie and hydride will allow the sudden termination of the InGaAs growth.
sources. On the other hand, a multichamber MOCVD svs- This action simulates thle closing of In and Ga shutters in the
(em has improved interface quality. 'We report here at neIV MB3E process. The substrate is nlow rotated to face tube 13.
technique based on modifying tlie nature of the MOCVIJ thus cutting into the TMG, AsH , and PH, stream. Since
deposition process to -take advantages of MBE growth coil- the diffusion boundary layer is almost absent, the growth of
cepts. The MBE process allows direct incidence of atoms or GaAsP starts suddenly when the substrate is in the line of
molecules in a direct line of sight onto at heated substrate sight of this second stream, initiating an abrupt interface.
surface. Also there is no diffusion boundar) layer through
which the reactant species have to diffuse to reach thie sub- lit t i ng I';,r

strate surface. Moreovei-. the initiationi and the terinatioti
of the growth process occur by opening and closing shuttlers - i4r

that result in extremely abrupt interfaces. Molecular stream
epitaxy (MSE)' allows t he incorporat ion of these M BE eon- 0

cepts in a MOCVD reactor-. 7, "--1,,t,
Figure I shows at schematic of the growth chamber aitc '

susceptor designed to allow some of thle M BE feat ures t o ble
utilized during the MOCV D growlt process.The svstemi has
been tested for the growt h of I nGaAs/GaAsP) st ralied- Iltav-i~~i
er superlattices (SLS's). Trimethylgallitint (TMG), trieth-
ylindium (TEI), and AsH, are continuously flowing C Cro. x ,
through tube A for the growth ol'the lnGaAs film, whereas
TMG. AsH1 . and PH, are continuously flowing throughl SVui,,- E-d I'.,

tube B for the growth of GaAsP films,. Thle rf-hecated suscep- - ~ qQ 'ii

tor consists of several parts. The fixed part F has two wvill- -.

dows, facing the inlet tubes A and B. Thle Substrate sits in at ItI~ Qu Id
recess in the rotating part R of the susceptor. This part of the tl
suscepior is driven by at computer-controlledl steppinig nin-
tor. Gases from the input tubes A and 13 flowV Unimpeded
through the si' ceptor except wvhen filie suibst rate cuts Fl;I Sclhctist (i f Oic growlth tianuber and suscepiuir of rioecu ar
through the gas streams. Thle fixed tp part of the stisceptor Nter epiay (MSE). Ttic gaseous boundary layer above the subsirate is
also acts to shear off most of the gaseous boundary layer dticared oft mechanically beiNuen succeisive cxposures
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FIG. 2. Series of x-ray diffraction, pairn

"- of he strained-layer superlattices (SLS's)
SI 11 in the vicinity of the (004) rcflec tion

INumbers shown above each peak arc thc

r n = .5 n =4 n I 2 order ofthe satellite peaks. (a) 183 A pert
C od (10.3sexposure) (b) 96 Aperio,!5

\1 i t -2 s exposure); (c) 52 A period (2.8 s espo-
t (a) x16 sure).

n 1 x .i I X4 ri 2

(b) . 'I,

8 n-= It- "l x8

63 64 65 66 67 68

I)il't'ract ion Angle (20)

This action will simulate the opening of shutters which initi- s. The amount of the cross diffusion was estimated by grow-
ates the MBE growth process. It should also be mentioned ing GaAs at one side while flowing PH3 at the other side.
that the growth of this SLS is taking place without any The results indicate that approximately 2% of a total flow of
switching of gases as in the conventional MOCVD process. PH 3 will be incorporated with GaAs (or cross diffused).
Thus, problems such as dead volume and flow transients are The mole fraction of TEI and PH3 was adjusted to allow the
avoided. Also, since the flow of gas streams is unimpeded growth of SLS with x = 12% andy = 23%. These values of
most of the time, buoyancy effects can be reduced. The very x and v allow the SLS to be grown with an average lattice
initial stage of growth in MSE takes place with the ntear ab- constant that is closely lattice matched to the GaAs sub-
sence of diffusion and thermal boundary layers, thus assur- strate.
ing interface abruptness. When the growth proceeds for Figure 2 shows the x-ray diffraction patterns obtained
more than a second or so, this boundary laycr will dcclop frotn tile Ino , GaO,, As/GaAso.77 Po,, SLS's using CU K(I
and will control the deposition mechanism of layers beyond radiation. The period of these SLS's obtained for different
the first few monolayers. The development of this diffusion exposure times was deduced from the separation of the satel-
boundary layer will not interfere with the generation of lite peaks shown in Fig. 2 and the results are summarized in
abrupt interfaces in MSE. It should also be mentioned that Table I. Although not shown in Fig. 2, sampled, which was
there is a finite volume of trapped gas, a few mils thick, that is grown for an exposure time of 1.3 s, showed weak and broad
present during the process of rotating the substrate between x-ray satellite peaks whose separation corresponds to a 25-A
the two streams. The amount of TMG trapped in this vol- period. For sample e the exposure time was reduced to 0.5 s.
ume will allow an additional growth of less than one hun- However, we were not able to determine the period from the
dredth of a monolayer of the ternary alloy to take place be- s '-aration of the satellite peaks probably due to limitations
fore the exposure to the second stream. It might also be
possible that some minor cross contamination from tict PI 1
side will take place, for example, during the deposition of
lnGaAs film. However, a graphite wedge in conjuntction TAII.EI Growth conditions atd structures ofSLSs

with large H2 flow from the center tube helps in prc cttnt Exposure Number o Period
this cross-diffusion effect. Run time (s) periods (A)

In.Ga, - As/GaAs, , P, SLS's were grown b\ MSE
on Cr-doped ( 100)GaAs substrates at 630 °C in a %ertical a 10.3 30 183

b 5.3 120 96
MOCVD system operating at atmospheric pressure. The es- c 2.8 200 52
posure time to each gas stream varied from 0.5 to 10.3 s. d 1.3 400 25

Equal exposure times were allowed for the two gas streams. e 0.5 800 16

The transition time from one s:ream to the other is about 1.5
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I-G. 4. Photolurninesceiice spectra ofthe SLS' at 77 K. Single sharp peak,
corresponding to the transition between the first electron (i = I ) and
heavy hole band have been observed.

approach in the growth of SLS's that contain both As and P,
which are uifficult structures to synthesize with abrupt inter-
faces.' The 8-A InGaAs well and GaAsP barrier shown in

o- Fig. 3(b), demonstrated the ability of MSE to grow ul-
cc trathin ilhns without gas switching. To the best of our

knowledge, this is one of the thinnest films ever synthesized
in a superlattice with alternating layers having As and P
compounds." Also the PL data showed that SLS's grown by

(b) MSE have comparable optical properties to those obtained

FIG. 3. High-resolution transmission electron microscope images ofthe by GSMBE' and CBE." For example, the FWHM of
MSEgrown ultrathin InGaAs/GaAsP SLS's. (a) 25 A period ( 1.3 scpo- InGaAs/GaAsP SLS at 77K is about the same as that ob-
surc); (b) 16 A. period (0.5 s exposure). tained by GSMBE at 6 K for In(,aAsP/InP superlattice

structure with 80-A wells.' Also the 8-,A InGaAs quantum
of our x-ray diffraction setup. well in the InGaAs/GaAsP SLS has comparable PL proper-

TI'e high-resolution transmission electron microscope ties to that obtained by CBE and low pressure MOCVD' at 2
(TEM) technique was used to characterize these ultrathin K for an InP-InGaAs single quantum well.
SLS's. Figures 3(a) and 3(b) show cross-section TEM int- In conclusion, MSE is a potential technique that allows
ages of samples d and e, respectively. For exposure times of some of the MBE growth features to take place during the
1.3 and 0.5 s the SLS's are made of layers 13 and 8 A thick, MOCVD growth process. This has resulted in structures
respectively. These SLS's were also characterized by photo- with abrupt interfaces that are comparable to those obtained
luminescence (PL) measurements perfornmd at 77 K using by GSMBE and CBE.
an Ar-ion laser. The PL results are shown in Fig. 4. As the This work has been supported by The National Science
well width (InGaAs layer thickness) was decreased. the 1PL Foundation and the Air Force Office of Scientific Research.
peaks shifted toward the higher energy side due to the quan-
tum size effect. The full width at half-maximum (FWHM) 'It. "emkii, M. B Panish, P. M. l'ctroff, K. A. Harm, J. M. Vandenberg,

of the PL spectra ranged from 12 to 16 meV as shown in and S. Sumski, Appl. Phys. Lett. 47, 394 (1985).

Fig. 4. 'w. T. Tsang, Appl. Phys. Lett. 45, 1234 (1984).
The a r s iJ. R, Shealy, Appl. I'ti.s, Lotl 48. 925 (1986).
The above results obtained by x.-ray difiactiot, TEM, Ir. Katsuyarna, M. A. Tischler, T. P. Humphreys, and S. M. Bedair, Elec.

and PL show that MSF can be a very useful technique for the tionic Material Conference, June 1986, Amherst, MA.

synthesis of ultrathin films with excellent optical and struc- 'S. M. tIedair, T. Katsuyama, M. Timmons, and NI. A. Tischler, I-EE

tural properties. Moreover, the layet thickness can be con- Electron Device Lett. EDL-5, 45 (1984).
'T. Katsiyama, J. Y. Yang, and S. M. Bedair, IEEE Electron Device Let

trolled precisely by changing exposure times. The InGaAs/ E)tL-8, 240 (1987).

GaAsP SLS was chosen to test the potential of this i;ew de- M A. Tischler, T. Katsuyana, N. EI-Masry, and S. M Bedair, App]

position technique for two reasons. First, this SLS has sever- 'hs, Lett. 46, 294 ( 1985).
al applications in optical devices such as light-emittig di- 'J ' Anidr., E. P. Menu, M. Erman, M. H. Meynadier, and T. Ngo. JElectron. Mater. 15, 71 (1986)
odes5 6 and as buffer layers for the reduction of defects in "M. R.izeghi and J. I'. Duchenin, J. Cryst. Growth 70, 145 (1984).

epitaxial GaAs filiN,. 7 The second reason is to test the MSE "W. I Tsang and E. F. Sciubert, Ap 1. Phys. Lett. 49, 220 (1986)
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Effectiveness of strained-layer superlattices in reducing defects
in GaAs epilayers grown on silicon substrates

N. EI-Masry and J. C. L. Tarn
Material Science and Engineering Department, North Carolina State University, Raleigh,
North Carolina 27695

T. P. Humphreys, N. Hamaguchi, N. H. Karam, and S. M. Bedair W
Electrical and Computer Engineering Department, North Carolina State University, Raleigh,
North Carolina 27695- 7911

(Received 20 July 1987; accepted for publication 15 September 1987)

In GaAs-GaAsP strained-layer superlattices grown lattice matched to GaAs are effective
buffer layers in reducing dislocations in epitaxial GaAs films grown on Si substrates. The
strained-layer superlattice structure permits high values of strain to be employed without the
strained-layer superlattice generating dislocations of its own. We find that the strained-layer
superlattice buffer is extremely effective in blocking threading dislocations of low density and
is less effective when the dislocation density is high. It appears that for a given strained-layer
superlattice there is a finite capacity for blocking dislocations. Transmission electron
microscopy has been used to investigate the role of the superlattice buffer layer.

The growth of GaAs on silicon substrates provides a fective in blocking dislocations originating at the GaAs
convenient method of integrating III-V compound-based substrate.' Indeed, it was apparent that a very low density of
devices and silicon electronic circuits. However, as a result threading dislocations in the GaAs epilayer was achieved.

of the large lattice mismatch that exists between the two In this letter we investigate the effectiveness ofutilizing
materials, a high density of defects ( - 108-10 9 cm - 2) is a highly strained In.Ga- . As-GaAs, -_Y PY SLS in reduc-
present in the GaAs epilayer. Furthermore, it is evident that ing the density of threading dislocations that propagate from
the presence of these defects restricts the widespread appli- the GaAs-Si interface. The GaAs on.ailicou samples used in
cations of the GaAs-Si heteroepitaxial technology. To date, this study were provided by the University of Illinois, Spire
several approaches have been successfully employed to re- Corporation, and the Kopin Corporation. Samples have also
duce the dnsity of dislocations. These methods inlcude the been grown in our laboratory. The strained-layer superlat-
application of strained-layer superlattices (SLS's), ther- tices and GaAs epitaxial layers were grown by metalorganic
mal annealing,3 and rapid thermal annealing." Indeed, sever- chemical vapor deposition (MOCVD) at North Carolina
al SLS structures based on the InGa _xAs-GaAss and State University. Several In. Gat _As-GaAs, -P, SLS
GaAs, _YPY,-GaAs' systems have been reported. Utilizing structures with y___2x have been investigated. A schematic
these SLS buffei layers a reduction in the dislocation density diagram of the SLS structure is shown in Fig. 1. The corre-
has been observed. However, despite these results, it is evi- sponding values of x and y were varied in the ranges of 8-
dent that the ternary-binary (GaAs) SLS system cannot be 25% and 16-40%, respectively. Individual layer thicknesses
grown lattice matched to the GaAs substrate. Moreover, were varied from 80 to 300 X, depending on the ternary alloy
these SLS structures, which as a whole have a lattice con-
stant that corresponds to the ternary material with composi-
tion of x/2 (ory/2), have several inherent shortcomings. In
particular, the total thickness of the SLS must be less than , a A a
the critical thickness h, in order to circumvent the genera- (c o M PreI on n .

tion of misfit dislocations at the GaAs epilayer interface.'
Consequently, this will limit the number of periods and, [] - -7

therefore, the number of strained interfaces that are avail- Os' '1 " A' s

able to suppress the propagation of threading dislocations. It 0.--j-I------
follows, therefore, that in order to alleviate these problems in ljj
the ternary-binary SLS system, we require a superlattice ._

composed of two materials having equal, but opposite, lat- ,
tice mismatches, such that the average lattice constant - it A 9 P
matches that of the GaAs substrate. An exceptional material s ,

candidate is an InGa _As-GaAs _ P(y=2x) SLS S L S
which can be grown lattice matched to G- As. A further ad- s i
vantage of utilizing this particular SLS structure is that high

values of btrain can be accommodated without the SLS gen-
erating dislocations of its own. Moreover, we have previous- FIG. I. Schematic diagram or the InGaAs-GaAsP strained-layer superlat-

ly reported that the ternary-ternary SLS buffer was very ef- tice (SLS) structure.

1608 Appl. Phys. Left. 51 (20), 16 November 1987 0003-6951/f7/461608-03$01.00 @ 1987 American Institute of Physics 1608
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FIG. 2. Cross-sectional bright-field image illustrating the effectiveness of
the SLS in bending dislocations. Regions X and Y denote areas of low and
high dislocation densities, respectively.

composition. The intrinsic strain was maintained in the 0- .. "
2% range. Transmission electron microscopy (TEM) sam- .
ples for both cross-sectional and plan view were prepared by
mechanical thinning followed by ion milling.

The effectiveness of utilizing the .

In. Gat _ ,As-GaAs, -y P , SLS structure as a buffer layer is

(c) A

FIG. 4. 1100] Phin-view transmission electron micrograph: (a) of as- ' .
grown GaAs/Si samples; (b) illustrating the bending and propagation of
dislocations along the (110) directions within the lnGaAs-GaAsP SLS; (c)
epitaxial GaAs grown on top of the SLS.

shown in the bright-field micrograph of Fig. 2. In this image,
regions denoted by X and Y are areas of low and high dislo-

cation densities, respectively. It is clear that the impinging
dislocations on the SLS in region X are confined by the Pill
strained field and bent along the SLS interface planes. Con- .. t
sequently, almost all the dislocations impinging on the SLS
are blocked and do not thread to the GaAs top layer. Indeed. _
it is evident that the SLS is most effective in confining and

FIG. 3. Cross-sectional bright-field micrograph illustrating bending and bending the dislocations in the absence na perturbing strain

the interaction of two dislocations, namely, A and 3. :!ong the interfacial feld
planes of the SLS. A relatively low dislocation density has been achieved , field generated by another dislocation. However, the interac-
rapid thermal annealing. tion and a merger of a high density of dislocations in region
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Y results in an Upward threading of di.localions inlo tlhe In conclusion, it has been shown that ihe
GOAs epilayer. Moreover, the higher the dislocation densit., In, Ga, As-GaAs _ ,, (y 2x) is an appropriate and
the greater the likelihood of dislocation-dislocation interac- highly effective buffer layer for reducing dislocations origi-
tions and, consequently, the greater the probability that nating at the GaAs-Si interface. The SLS structure also per-
some of the dislocations will thread into the GaAs epilayer. mits high values of strain to be employed without the SLS
Clearly, the SLS has only a finite capacity for bending the generating dislocations of its own. However, the present re-
dislocations in the interfacial planes of the SLS. sulhs also indicate that the effectiveness of the SLS depends

It is appar-nt from the above results that in order for the on the density of di;locons. Foi instancc, when the dislo-
SLS to be made more effective, the density of impinging cation density is low, the threading dislocations are confined ,
threading dislocations on the SLS niust be reduced. This o the SLS interfaces and do not propagate into the GaAs
reduction in dislocation density may bc achieved by rapid cpiLt'ver. In contrast, when the dislocation densitv is very
thermal annealing the GaAs/Si samples al a temperature of high. it is apparent that the SLS is not as effective. Further

900 *C for 10 s prior to the growth of the SLS.' The effective- work is required to optimize the SLS structure by \arying
ness of the SLS in blocking dislocations in this low-density the strain and the number of SLS layers in order to achieve
region is clearly shown in Fig. 3. Two dislocations labeled A high-quality GaAs on silicon with a very low dislocation
and B on the micrograph are bent at the SLS buffer layer. In density. It is also evident that much more work is needed to
particular, dislocation A is bent at the second SLS period understand the interaction and movement of dislocations at
interface and proceeds undisturbed along this interfacial the SLS interfaces.
plane. However, when dislocation A encounters a strain We acknowledge H. Morkoq (University of Illinois), J.
field generated by dislocation B, which is confined at the first Fan (Kopin Corporation), and S. Vernon (Spire Corpora-
SLS irterface, the propagation direction of A is changed. It tion) for providing a few of the samples used in this study.
is also possible that when the dislocations are in close prox- The work is supported by the Air Force Office of Scientific
imity, one or more of the dislocations can thread into the Research and by the Solar Energy Research Institute.
GaAs epilayer.

Plan-view bright-field TEM has also been performed on
nonannealed samples to assess the effectiveness of the SLS.
Figure 4(a) shows a plan-view micrograph of the as-grown S. \. tedair, T. . Humphreys N. Et-Masry, Y. Lo, N. Hamaguchi, C. D.
GaAs/Si interface prior to the growth of the SLS. The bend- Lamp, D. Dreifus, and P. Russel, Appl. Phys. Let(. 49, 942 (1986).

ing and propagation of dislocations along the (110) direc- 2N. EI-Masry, N. Hamaguchi, J. C. L. Tarn, N. Karam, T. P. Humphreys,

tionswithin this SLS are illustrated in Fig. 4(b). Also shown D. Mloore, S. M. Bedair, J. W. Lee, and J. Salermo, in Proceedings of the
is the interaction between neighboring dislocations. In a Spring Meeting of the Materials Research Society Conference, Anaheim,

California, 1987 (in press).
plan-view TEM of the GaAs epilayer grown on top of the 'J.W. Lee, H. Shichijo, H. L. Tsai, and R. J. Matyi, Appl. Phys. Lett. 50,31

SLS, two distinct dislocation density regions are discernible. (19s7).

In an area of approximately 100 .tm2 , no threading disloca- 'N. Chand, R. People, F. A. Baiocchi, K. W. Wecht, and A. Y. Cho, Appl.

tions were observed. We believe that this area corresponds to P.i% s. Lett. 49, 815 (1986).
'R Fisher, H. Morkoq, D. A. Neumann, H. Zabel, C. Choi, N. Otsuka, M.

region X in Fig. 2, where the SLS is highly effective in bend- Longerbone, and L. P. Erickson, J. Appl. Phys. 60, 1640 (1986).

ing the dislocations. In contrast, we have also identified a "T. Soga, S. Hattori, S. Sakai, M. Takeyasu, and M. Umeno, J. Appl. Phys.

region where the dislocation density is fairly high as shown 57. 4578 (1985).'J'(. hes .E Kaeteam, andS.Madsr, Thnoldi, 33.5

in Fig. 4(c). This area may be compared to region Y in Fig. TW. Mathews, A. E. Blakesleand S. Mader, Thin Solid Films 33,253(19 76).

2, where we have observed a small fraction of dislocations 'M. A. Tischler, T. Katsuyama. N. Et-Masry, and S. M. Bedair, Appl.
threading through the SLS. Ph%,%. Lett. 46, 294 (1985).
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ABSTRACT

In,1Ga 1..1As-Ga.A31,Fy~P strained laver superlattice buffer layers have been used to
reduce threading dislocations in GaAs grown on Si substrates. However, for an initially
high density of dislocations, the strained laver stiperlattire is not an effective filtering sys-
tern. Consequently, the emergence of dislocations from the SLS proparate upwards into
the GaAs epilayer. However, by emplo ' ing thermal annealing or rapid thermal anneal-
ing, the number of dislocation impinginr on the SLS can he 'igniti.-anily reduced. hideed.
this treatment greatly enhances the effiriir- and usplulnes% of the SLS in reducing the
number of threading dislocations.

Transmission electron microscopy techniques have been used to characterize the
dislocation behavior.

The growth of GaAs on Si 5ubstratci enables the interration of Ill-V conmpou~nd
based devices and Si electronic circuits. To date. several approachies have been investi-
gated for the deposition of GaAs Ill-V comrpotinds on Si substrates. These methods
include, the use of a Ge internmediate lavrr.' dirt-ct depoqit lol usi-; mrolecular beamr eloi-
taxv.(:) metalorganic chemical vapor depositiont 3t arid laser -4tirneri:e*d deposition'. III)%-
ever, one of the major difficulties in this technology is the genera1tion of a high den~ii v (i
defects in the GaAs epitaxial layers. Recently. !%everal schemes have been sticcessfiull ,
employed to reduce the den!,It% of defect%~ These approaches ir'1de, thormal anneal-
ing.M rapid thermal anne.-iing tt1 and the u"e of qtrained layer -turwrlattices (~~)lThe
corre-pondinz SL' st rurtures that have h'.011i-tutdied incllde. In,' ;~ .l. A- ;aAsl'I ;,lid

Ga' 2*.~~-aA,1~ A% a consequenct, of usinc th-v SI.>, htille.' la 'ver,. a !-i:ilic:.ni
reduction in the dislocatin deniity has bren obtained. Howe-ver. ae-spite these re-sills I lie'
SLS composed of ternary-binary (GaA-V-) sy-4tems cannot be grown lattice matched to the
Ga~rs substrate. Indeed, this SLS structure Which a~s a whole ha.' a lattice constant which
corresponds to the ternary material with coniposition of x/2. ha.- srveral inherent
shortcomings. In particular, the total thick ne' of thr SLS; %hosIdd be lessi than the crit ir.M
thickties!:. hf. in ordt.r to prv~eriz ilth K-itrar ion r mivfit tli'.---ations at the (a\
!.i~bstratv /5LS inteprfmd-' 11 ~ v i ~Will lim7it lhe :i niheer of periods arid

bw 06. a" 51 -cOo m
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therefore. the num1Tber of interfaces capable of si ;irrqsifig the propu ation. of lr.~aeloig
dislocationq. Furthermore, the binary-ternary SLS will also limit the amiount of strain
thait car, hei rrestnt between ,oiccessv hiv,-rs titiI lo . liidlid. it ha.s hit-v lrvviuuJ.%

rvjor~,11 i ,:, hti ttn ls),(;., ), -I't i.;l ihirckyie zrvatv, Ot' ,, .
for x/ di-;vitio art, gvnerabitI at both Ow. - 1 .. slu~owtit aiil iii.(aA

r.'I iitierfacc~ It fol lows'. tillrcfort.. tlit:% i, -rdf r too circutiyvelt thie li-rtlo i
iries it thf tit\ -binary% vI ;votr, Ie reiiri a -sit iat I o nposed (if t%%-. fii(-i-'

a I having i l-j I o i opposit I attIc if l~ - ;,t Icl,,s. ''0 I iLai I I I, svvrtt~ lIR tiiiV iiiisttiI It
ma I I h:'t f 3 tfhO ( ;&.A -uistI rati P I oInt 1.1 la r iteiI ca etrd id&.oi.

PI I. lria A. with % ?x %%lot, oimiI, cii ..Ar lati I, matchitd to ("a.\,;. lit
fait. %t- hisi prt'viiiiz )l reported thnt thet to ri:,r * -r r:: '.' 11ittvr ww; 'i crv etoe tive if!
blcocking tli'iicaioii- origsintit: at tOw (.,;1.V ,i's 91 P tirth r. it was also reteorteel
thiat a sec ow d1i-oo~i aon dei-. of 'lefi-ct- it) tljt- .\ i-jpilaioer %,L, ae-hieved.

In thi' tiresert stork %ve' rep~ort 033 I ii. lvei-i.i' of ui,nr. (.aAsP-lo(;aAv SkS in
redticitir tire-adie.t iiloral ions oigin~oit t;%t Lt, Us!initerface. Indeeod. wi. al
re-rt on tit(iote-rfare-qual its f theit(-meits(a- ottru-ture- using lihi rit;'e.
titu ele~ctron m~icrosecopy. lTe UaAs liltmi; were grown ote Si byv the Kopin Corporation
followed by the growth of the SLS and (Qes.s upilaseirs iii our laboratory 'vat North Caro,-
lia State Univer-tity' . Both growth steps e-toplo% t-d S1OC'e'l techniquesR. To stuedy the

atomnic structure of the GaAs/Sqi interfuste. a JEOI. 200.CX high resolution tracesmissicin
ele, tron microscope was used. The instrume-ot has a point-ti-point resolution of 2.5 k.
The morphology of the GaA//Si ipterfar- isi shvaioi if) Figure J. The clertron beam i!-
incident along the <011I> direction. In this iimage. the GaAs/Si interface appears as a
bright band. The presence of steps at the interface are not visible due to atomic rough-
ness in the interface plane. Two regions on the micrograph are clearly defined. namely an

Figure ~ ~ ~ ~ ' I VihroltiwT.sown h hedfcsa

the ~ ~ ~ N GaA/S iiterfce

L1
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incoht'rt'iit into-rfaco. region labeled (A) and an area with -.rt amorphou.s appearancp
eleno1teel 11 y (11), The interruption of crystallinity at the Ga~s/Si interface may he due, to
tlrt prese'nce of residuail oxides on the SI substra~te! surfave. Similar obseervations have
heen reported for the MBE~ growth or GaAs on SjIOl The micrograph also clezrlyv shows
individusal mislit di. locations which can be identili-d as extra lattice fringes. along the
( 11 1) or (I I I) planem on the Si side or the interface. Two Itypes of 11isfil dlis-locations pre.

6ie:'ly ri-porlie' for NMIE growti mietrials21 have- :%Is,, lie-tn obl' r~ tc. nanic]''. .eli:' and
mooee'e dev.iueetini su in i l NIOC VD) grown samples.

Several lin ~(, A -(';atk-j P, SLS buiffer Iier t''i' h 2x ha' be teve he-

C;Iwil III mir s11:41Yl. 'ht ieirri'-iponng values of x a.1 .% lee ye' Ieee':, v'ariel ini tir r.,iev of

*25r' rd Ic - i, r('slir'tiiu' 1 epi'nding (in ile roinposil im. of the It'riuerY a lleeY

III$' thIn kee'' orl lOw elljviduael Ian'vr. w',/ varied from )% - 301 . The' ittrinsic' se rain

%%$ ~e Iac-111in i nd in IIne' I - 2(*''" rwice. b~othn croqss-!jvtioncdl. aw'l plili v'iew TIKNI woart us(d

ire ,'ttd Oek ilhe ulter'ii'no-~ of tl-st'-eLS buffer laNvc'r iii r, I -dw i!:-- !hre'ading dislocation%.
Tiww'e rfeceIlts are simin,ieritee ;I- fullows.

I *Vhe' siI, n~ot ye.?'.' e'Ietiveo ire reducing threahinv dislora, nnnu when then density i,

illth I tjern raf',' or great e'r. This obse'rvauI on was v;elid for each of the 4 S
structure"' ilii'.''sigalitel in I'eq stud 'y. It is apprv.in, as shown in Figtire 2(a), that in

regieni of high dislocation density, threading dislocationus thit start, to bend at the

SLS interfaces interact with each other. This mechanisni will result in the disloca-

tions threading arid penetrating the SLS buffer anti (;aA epilayer.

E 'i

Figure 2 TEM Bright-field image illustrating:

u)Disloe'ations with high densitY, threadii
through the InGaAM/GaA-il' SLS



2.The SL.S i mre geleet ye in reducing didiicaiiinn by hending t hemi al the SLIS inter-
fat in rezions were thv dislocationi derisit s is approximnatd-! 10/-T* or lower. This

is clearl y shown in Figure 2(b) were it is aLpparent that in the central region of the
image. the (lislocat ions are bent. However, at the edges the SLS is less effective due
to high density of imrpinging dislocations.

F~ 7

Si

=Wk aA

EPi

~ 02o5-PIM

Figure 2 TENI Bright-field image illustrating:

b) A SLS effectively bending dislocation in regions
where there is a low dislocation density.

3. (learly, in order for the SLS to be made more effective the density of the impinging
threading dislocations. s-hotild be reduced, within the range of 10?/cm2 or lower. Two
approaches were implemented to achifeve this goal. The first method was to employ
an in-situ anneal at 825TC for 20) minijie4 before the growth of the SS. The second
approach utilizes rapid thermal annt-aling at 900*CO for 10 %econds before sample
insertion in the %10(*'I') reactor. Both these approaches were found to be veryt
efficient in reducing the number of docaton, to a level where the ALS behave!9 as
ain effective buffer laver. The micrograph in Figure 3 show.4 that the SILS is
extremelv efficient in bending any tYpe of dislocation. The SLS employed in this
5irtict lice is compo-%ed of five In0 2(,aq fAs/(;aAso.-5,P 0 . layers, each of 0 A thick-
riess Ait h an in termpdiai" SOO k~ avir iii (;%A, This st rtiitumr i.9 rtpeate-i three
times. arild is followeid bY the growth of a t 11111 GaAs epilaver.

It concluion, it i% appareiit that 'traim-dl la ' er u perlatt ies combined with rapid
thermal annealing or thermal annealing of the SiG.s ubstraies. signifirantlY reduces
the number of thriadiiig disltations ini the (,aAs e-pilaver. Thiis work is supported by
AF(>1 and 'sEll.

V s~
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Molecular stream epitaxy and the role of the boundary layer in chemical 0

vapor deposition
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Molecular stream epitaxy (MSE) is a new growth technique that modifies the nature of thc
metalorganic chemical vapor deposition (MOCVD) process to take advantage of molecular-
beam epitaxy (MBE) growth concepts, and was used for the growth of InGaAs, GaAsl', and
InGaAs/GaAsP strained-layer superlattices (SLSs). In this technique, the growth proceeds by
rotating the substrate to cut into streams of reactant gases and thus eliminates gas-flow
transients and provides a method to mechanically shear off the gaseous boundary layer above
the substrate between successive exposures. In the growth of InGaAs and GaAsP, growth rate
enhancement and compositional changes were observed in the faster rotation regime. These
phenomena were attributed to the effective reduction of the diffusion boundary layer above the
substrate. In the growth of InGaAs/GaAsP SLSs the individual layer thickness of these SLSs
was controlled precisely down to 8 A by simply changing the exposure time to the stream of
reactant gases. The optical properties of these SLSs were comparable to those obtained for
equivalent superlattices by gas source MBE.

INTRODUCTION pinge directly onto the substrate rather thant diffuse throih

Metalorganic chemical vapor deposition (MOCVD) the boundary layer. Moreover, this techniqueeliminates g.a-
and molecular-beam epitaxy (MBE) have become the two flow transients and considerably reduces the dead volume-
dominant crystal-growth techniques used to synthesize so- and convection effects.
phisticated structures. However, each technique has its own
advantages and disadvantages. MOCVD is a gas-phase MSE GROWTH SYSTEM AND PROCESS
chemical deposition process which takes place at relatively
high gas pressures compared to MBE. This technique pro- Figure 1 shows a schematic of the growth chamber and
vides more flexibility than MBE, particularly for the growth susceptoi designed to allow some of the MBE features to b
of phosphorus compounds and allows uniform wide area utilized during the MOCVD growth process. The rf-heatcd
growths. However, in the CVD process, reactant species susceptor consists of several parts. The fixed part has tk,,
have to diffuse through a gaseous boundary layer to reach
the substrate.' Therefore, the abruptness of heterointerfaces
will suffer from the diffusion boundary layer and gas switch- -- ..... , rl
ing transients. On the other hand, MBE is a physical depo- " - , -L rt

sition process that takes place in ultrahigh vacuum. No dif-
fusion boundary layer exists, and thus, allows direct ,"

incidence of atoms or molecules in a direct line of sight onto 1'
the heated substrate. Several efforts have been made to com- Substrate

bine the advantages of both techniques. 2- Recent impres-
sive results obtained by gas source MBE (GSMBE) 6 and
chemical beam epitaxy (CBE)," which are based on modify- TubeA -- 1 2 __Tub Bing the MBE growth chamber to allow the use of organome- . L

tallic and hybride sources, are typical examples._. __ ___,. ii-

We report a new growth technique, molecular stream
epitaxy (MSE), which is based on modifying the nature of s,,tut,,,t . -

the MOCVD process to take advantage of MBE growth con- It,,tati1,g Part . ._.

cepts8-9 MSE is performed in a modified atmospheric pres- - Qrtz i.....

sure MOCVD growth system. A specially designed growth Thermocoupi

chamber and susceptor allow the substrate to cut into -- R d'
streams of reactant gases. This technique provides a method
to mechanically shear off the gaseous boundary layer
between successive exposures and the growth process occurs FIG. 1. Schematic of the MSE growth process. The gaseous bound~r> N.'

repetitively in the time regime where the boundary layer is above the substrate is sheared off mechanicalIy as the substra I e oill L -' .
not formed yet. Therefore, molecules in the stream can im- from the stream and the growth is terminated.
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windows facing the inlet tubes A and B. The substrate sits in
a recess ( 1.5 X 1.5 cm 2 ) in the rotating part of the susceptor.
This part of the susceptor is driven by a computer-controlled
stepping motor. The fixed part of the susceptor also acts to 1500

shear off most of the gaseous boundary layer between succes-
sive exposures. The clearance between the surface of the sub- .I-EA,

EI
strate and the top piece of the susceptor is several mils to
avoid scratching of the substrate while minimizing the dead
volume. Gases from the input tubes A and B flow unimpeded 1 0oo0
through the susceptor when the substrate is in position (a).
This reduces the effects of convection and cross diffusion I
and also prevents the buildup of the gaseous boundary layer -
over the fixed part of the susceptor. A large flow of H2 in the -- __.-
middle tube is designed to prevent mixing of the gases from 500

tubes A and B. When the substrate is moved into the stream
of reactant gases, the gas species impinge directly on the
substrate due to the near absence of the diffusion boundary Faster Rotation 4- -Slo,cr Rotatio...

layer, and the deposition takes place suddenly [position
(b) ]. This action simulates the opening of the shutters in the
MBE process. As the susceptor moves away from the 0o 2 3 0 600

stream, the gaseous boundary layer is sheared off mechani-
cally by the top fixed part of the susceptor and the growth is L,;pos.,eTii,, Ir It
terminated [position (c) ]. This action simulates the closing FIG. 2. Growth rate!ofhGaAs ;ni (;aAt' gut i h,0 "( .... I...

of the shutters in the MBE process. The same process can be the exposure time per rotation. The growth -ate enrlhaiicemcn;l' 1, 1..<r

repeated at the other side of the susceptor and the rotation is InGaAs and GaAsl' in the faster rotation r!mic hivc ccnl e.c

continued until the desired thickness is obtained. The fastest
transition time from one gas stream to the other is 1.5 s. The
fastest rotation is 3 s per cycle corresponding to the shortest
exposure time of about 0.3 s. The composition of the grown malized to I mi, e.g., the growth rate at -s exposure er
films was measured by an x-ray diffraction technique. rotation means the thickness of the epilayer with 60 rota-

tions of 1-s exposure each. As the exposure time was de-
MSE GROWTH OF InGaAs AND GaAsP creased (rotation speed increased), the growth rate in-

InGa, _-,As and GaAs, _,P, were grown on a (100) creased for both InGaAs and GaAsP. This growth rate
Cr-doped GaAs substrate at atmospheric pressure by MSE enhancement in the faster rotation regime is probably due to

to investigate the effect of the reduction of the boundary the effective reduction of the gaseous diffusion bou;dary
layer thickness on the composition and growth rate. Tri- layer. This results in an increase in the flux density ot'Ga; d
methylgallium (TMG), triethylindium (TEI), AsH, (10% In species at the substrate surface. Noreover. the reac';t:ri
in H12 ), and PH, (5% in H2 ) were used as Ga, In, As, and P products such as CH., and CH, which might cause t ,-c i,c
sources, respectively. H2 was used as a carrier gas with a tion of the growth rate'0 were wiped out by the ota3t ti
total flowrate of 750 sccm for each of the tubes, A and B, and the susceptor before they build up over the subst ratL.
it was also used for the center flow with a flowrate of 4000 The effect of the dead volume existing between I ht' ,.:!
sccm. The substrate was cleaved to fit in the recess of the strate surface and top part of the susceptor ( < 5 mils or 127
rotating part of the susceptor. The substrate position was pzm) on the growth rate enhancement in the shorter exp o
adjusted and exposed to the stream from either tube A or B. sure regime was estimated assuming that all of the TM G
The substrates were heated under AsH 3 at the growth tem- trapped in this dead volume ( 1.5 x 1.5 X 0.0127 ctn') con-
perature (550-730 *C) for about 5 min before the growth. tributes to the growth. The calculated extra thickness of tne
InGaAs was grown by cutting into the stream from tube A epilayer was 0.023 A per growth cycle, while the observed
containing TMG, TEI, and AsH3 with various exposure growth rate enhancement was approximately 300 A/nin at
times (0.3-600 s). Only carrier hydrogen (750 sccm) was theshortest exposure time (200turnswith0.3 sexposure) ii
passed through tube B. The rotation cycles continue until shown in Fig. 2. Therefore, the dead volumre effect ,n the
the desired thickness of InGaAs film is deposited. On the growth rate enhancement is approximately 1.53 "I, which i"
other hand, GaAsP was grown with the same manner as that small enough to be negligible.
of the InGaAs with the stream from tube B containing Compositional changes have also been) observed io
TMG, AsH., and PH, and carrier hydrogen (750 sccm) was both In.Ga, -As and GaAs, ,1 P, with shorter exposur
passed through tube A. times as shown in Fig. 3. Again, the vertical bars presca:

Figure 2 shows the growth rate of InGaAs and GaAsP compositional variations across the substrate in the radial
grown at 630 "C as a function of the exposure time per rota- direction. For In.Ga, _ As, this compositional enhance-
tion and vertical bars present the thickness variations across ment may be mainly due to the variation of the flux deuist'.
the substrate in the radial direction. The growth rate is nor- ratio of In and Ga (J,,,/J ) at the substrate surface d o e !0

5099 J. Appl. Phys., Vol. 63, No. 10, 15 May 1988 T Katsuyarna and S. M Bedair 5099

*~~~ L% , ~ *



%is]: 0

0 1'-;st 03

0

0.3 GaAs P EaA.1Y Y 0
U0.

* o 0.1/
* ~ .0.2

0

550 000 650 700( 7:,0 too Ml

lilcalXA3( ross-ti, Temt-rat tire ('(2

0.1 FIG. 4. GaP solid composition (y) as a funcd ot of the growth tettpdusit I
for MSE and several conventiona MOCV D grown GaAsP. Partial preis( C r

Faster Rotation i Slower Rotation ratio (PH 1 /AsH 3 ) is unity except for in Ref. 14 wttretheratiisO.l2 NISI.
showed a higher efficiency in incorporaion of pthospthorous. ( ) fSI
(present work) ( i) MOCVD (present work) (E) C. R. Lewis and NI I

0 2 3 6;0 Ludowise (Ref. 14) (A) L. Samuelson Omlirig. and Crinmrciss (Ref

Exposure Time Per Rotation (see)

FIG. 3. Composition (xy) ofIn, Gal _As and GaAs, ,P, as a fiolit

of the exposure time per rotation. Compositional enhancements have been
observed for both InGaAs and GaAsP in the faster rotation regime.

composition of AsH 3 at the substrate surface. Although the
reasons for such a dramatic enhancement of the solid corn-

the reduction ofthe boundary layer thickness. At thegrowth position (y) by MSE has not been clearly understood, this
temperature, 630 C, both TMG and TEl molecules decom- effect may be related to the enhancement in the cracking
pose' .' as they diffuse through the boundary layer toward efficiency of PH, by catalyzation at the GaAsP growing stir-
the substrate. Since heavier molecules (TEI > TMG, face. This can be expected from the result of complete pyro-
In > Ga) diffuse more slowly, the flux density ratio, J.I/J,, lysis of PH3 with powdered GaP at 600 *C. 7 Another possi-
at the substrate will increase as the thickness of the boundary ble mechanism for the enhancement of the solid composit ion
layer is decreased. As a result, the solid composition x is (y) is the contribution of the gas phase in the overall decom-
increased in the shorter exposure regime. In addition, the position of the AsH 3 and PH3 molecules. Both AsH, and
gas-phase reaction between TE and AsH that can take PH3 will decompose (or partially decompose) either ther-
place in the gaseous diffusion boundary layer is reduced in mally or catalytically at the substrate surface. Based on sev'-
the shorter exposure regime. The growth of InGaAs by eral experimental results of the AsH, pyrolysis, "t-. it is ex-
atomic layer epitaxy (ALE) in which the TEl and AsH3 are pected that AsH3 is nearly 100% cracked in the gas phase
separated during the growth showed a similar enhancement above 600 *C in the presence of TMG. However, the thermal
of the solid composition (x).'" cracking of PH3 in the gas phase may not be as efficient as

However, the compositional change is more significant AsH3 at this temperature. Therefore, as the thickness of the
for GaAs, _ ,P, as shown in Fig. 3 and cannot be explained boundary layer is decreased, the P/As ratio at the substrate
based on the molecular weight of AsH3 and PH3 . In order to surface will be increased either by allowing more PH3 crack-
investigate this dramatic change, GaAsP films have been ing due to the surface catalytic reaction or by the reduction
grown at various substrate temperatures. Figure 4 shows the of AsH3 decomposition in the thermal boundary layer. A
solid composition (y) as a function of the growth tempera- combination of both these effects is also possible. Coatse-
ture for MSE and several conventional MOCVD-grown quently, the solid composition (y) is enhanced by allowini
GaAsP by us and others.,'" Partial pressure ratio the surface reactions to play a more dominant role than the
(PH,/PA,H,) for all the grown films is unity except for Ref. decomposition taking place in the gas phase. It may be also
14 where the ratio is 0.92. The three different sets ofconven- possible that at shorter exposure times the subst rate sti rfIcc
tional MOCVD growths exhibited a similar linearity, where- has less time to cool in the gas stream (than at higher expo-
as MSE-grown samples showed a larger slope than others. sure) and therefore the average temperature is higher, alloN-
This indicates that the MSE has a higher efficiency for incor- ing more P incorporation.
porating phosphorus. In MSE, the solid composition (y) It should be pointed out that the enhancements in
reached nearly 50% at 650 C. Since the solid composition growth rate and composition were observed when the expo-
(y) is controlled by the PH3/AsH 3 thermal cracking ra- sure time was less than 2 s. This suggests that the botIndJr
tio,'. 7 this suggests that PH3 was nearly 100% decomposed layer is established in the MSE system within 2 s after the
at the substrate surface at 650 C, assuming complete de- exposure of the substrate to the stream of reactant gases. Ii f
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should also be noted that the composition (y) of the MSE-
grown samples decreased at even higher temperature ( >
650 C). This is probably due to the desorption of phos-
phorus from the substrate during the rotation cycle when it
is covered by the fixed part of the susceptor without phos-
phorus overpressure. In fact, above 650 *C the MSE-grown
samples showed hazy surfaces which may be attributed to
loss of phosphorus.

MSE GROWTH OF InGaAs/GaAsP SLSs . .

The In, Gat As/GaAs, -, y SLS were also grown .
by MSE on Cr-doped (100) GaAs at 630 'C. The GaAs sub- :J

strate was exposed to the tube A stream containing
TMG( - 13 "C) = 3 sccm, TEI(20 *C) = 65 sccm, (a)

AsH3  15 sccm, and to the tube B stream containing
TMG( - 13 C) = 3 sccm, AsH3 = 15 scem, PH, = 60
sccm, alternately. The mole fraction of the reactant species
was adjusted to allow the growth of a SLS with x = 12% and
y = 23%. These values of x andy allow the lattice constants
of the SLSs parallel to the grown layer to match that of the
GaAs substrate. The exposure time for each reactant gas
stream was varied from 0.5 to 10.3 s with equal exposure
times. The mole fractions in the gas phase were adjusted,
especially for short exposure times, to givey= 2x. The tran-
sition time from one stream to the other is about 1.5 s.

The SLSs were characterized by x ray, transmission
electron microscopy (TEM), and photoluminescence (PL).
Table I summarizes the growth conditions and structures of
the SLSs. The period of the SLSs was determined from the
separation of x-ray diffraction satellite peaks (samples a, b, (b)

and c) and from high-resolution TEM images (samples c, d, FIG. 5. High-resolution TEM images of the MSE-grown uitathi
and e). Figure 5 shows bright-field cross-sectional TEM im- InGaAs/GaAsP SLS. (a) 25-A period. 1.3-s exposure. (b) 16-A peri ,d.
ages of the samples "d" and "e". Uniform periodic layered 0.5-s exposure.

structures with layer thicknesses of 12 A. [Fig. 5 (a), 1.3-s
exposure] and 8 A [Fig. 5 (b), 0.5-s exposure] have been
observed. To the best ofour knowledge, the 8-A InGaAs and duce multilayered structures wilth precisely ConlI rollcd ti ck-

GaAsP layers are among the thinnest films ever grown in a nesses by simply changing the cxpsltrc linc to I hc ,I Cmtl 1

superlattice with alternating layers having As and P com- reactant gases. The 16-A period with 0.5-s e.posllrc i, ,h litl-

pounds." These structures composed of both As and P are ly thicker than the value given by the extrapolatiot h;orn

difficult structures to synthesize with an abrupt interface" other measurements due to the growth rate enhattccncrit ;i .

since AsH and PH, cracking temperatures are relatively discussed previously.
high. Photoluminescence (PI-) ,elasCutemCnlts N,.R, ,,-

TheperiodoftheSLSsasafunctionoftheexposuretime formed at 77 K. An Ar-ion laser (, - 5145 A) w; i,,' -

is shown in Fig. 6. Excellent linearity has been obtained up to an excitation source with excilalion power densil. i;t._ite

25-A. periods. This demonstrates the ability of MSE to pro- from 100 to 500 W/cm2. Each sample showed a stroil_ Silln-

gle, sharp peak corresponding to the transition bct%'\cetit Ihc
first electron (n = 1) and heavy-hole band. Figure 7 hw.\'

TABLE I. Growth conditions and structures of Iin),,Gao,,As/ the PL peak energy as a function or the period of tlk SI s.,
GaAs1, P,,P, SLSs. TMG ( - 13'C) = 3 seem, TEl (20C) = 65 seem, As the well width (InGaAs layer thickness) was de, rcat',cJ.
AsH, (10% in H,) = 15 sccm, PH, (5% in H,) = 60 sccm, growth tern- the PL peaks shifted toward the higher energy dui to itL
perature = 630"C. quantum size effect. The solid line Sho)ws the ffelcti' : haii,

Run Exposure Numberof Period PL peak FWHM gap of the In,., Gao., As/GaAs ,, , SLS calctla tcd 11,.

time (s) periods (A) energy (eV) (meV) ing the strain-induced band-gap shift and the tmfiticd
Kronig-Penney model. The vertical bars present the \ im-

a 10.3 30 183 1.40 13.4 ation in peak energy across the samples in the radii ,I d c-
b 5.3 120 96 1.42 15.3 tion. PL results shown in Fig. 7 correspond to micitsu iMc:I-',

c 2.8 200 52 1.48 12.0
d 1.3 400 25 1.46 24.0 made at the position of the substrate shown in the ac:!

0.5 800 16 1.49 15.6 Although the uniformity across the sainplcs tcv(t h iiih
proved, full width at half-maximums (FWHIMs) of 1h1 I'l.
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crties to those obtained by low-pressure MOCVI) ( Rcf IS
and CUE (Ref. 20) at 2 K for Ic; ;i/Il' .tr
Wurn well.

One of the main concerns of this MSE system is the

diffusion of gases from one side of the growth chamber to the
0so other. Although a large flow of hydrogen provided fr.omi t lie

center tube of the growth chamber helps to prevent this cros S
diffusion, it is important to know the degree of cross diffn-
sion taking place during the growth of the ST Ss. A cross-
diffusion test has been carried out by growing GaAs/GaAslP

- 100 multilayer structures in the same manner as the InGaAs/
GaAsP SLSs. The multilayer structures consist of tell per-
iods of400-.k GaAs (40-s exposure) and 100-A GaAsP ( I0-
s exposure). In this structure, the GaAs layvers are thick
enough to eliminate the quantum size effect and the GaA'i
layers are thin enough to accoimodate lattice irisnice

50 Therefore, the degree of cross diffusion can be estimated h\
the shift in the PL spectral energy peak from the GaAs band
gap which relates to the incorporation of P in the GaAs la -

ers. Two PH 3 flowrates (30 and 100 sccni ) were used for the
cross-diffusion test. The restrlt of the cross-diffusion test in

0o . dicates that approximately 27' P11, crioss diffusion takeN
Exposure Tini (sect place in the MSE system. flowcver, it should he nred ih:ii

(PH., creates a worst-case test becausc Ilie dccom posit lol

FIG. 6. Period ofthe SLSs as a function ofthe exposure time. Ai cxcellet temperature of 111-1, is higher than thal ol Aslil and olher.
linearity has been obtained up to 25 A periods. Due to the growth ratc cii- organometallic sources. Indeed, the realization of GaAs
hancement in the faster rotation regime, the sample grown with 0.5-s expo- ALE in the same system has confirmed that the cross diffu-
sure is slightly thicker than the value given by the extrapolation. sion of the TMG and AsH, is small enough to he negligible.

Further improvement can be expected with a better suscep- N
spectra (12-24 meV) indicate that these SLSs grown by tor and growth chamber design combined with operation at
MSE are of comparable optical quality to those obtained by low pressure. S
GSMBE (Ref. 6) and CBE.2" For example, the FWHM of
InGaAs/GaAsP SLS at 77 K is about the same as that ob-
tained by GSMBE at 6 K for the InGaAsP/InP superlattice SUMMARY
structure with 80-A wells.6 Also, the 8-A InGaAs quantumw ell in th eI n ~ ~ s/ a~ s S L S a ve co m ara le L p op -M S E gro w th h as been in vestigated . T h is tech n iq ue hias
wells in the InGaAs/GaAsP SLS hav comparable PL prop- demonstrated that the boundary layer plays an imlportanlt

role in the CVD growth process and also showed the abilit
to produce high-quality ultrathin lavers with precisely con-

S771K trolled thicknesses. ln.Ga, - ,As and GaAs, , P,. werc
grown on GaAs by MSE. Enhancement of the growth 1 ate

1.50 was observed for both InGaAs and GaAsl int the faster rota-
tion regime due to the significant reduction of the boundar\
laver. The enhancement of the solid composition (x arid )
was also observed in the faster rotation regime. These clects

'" 1.4s may be attributed to the variation of the flux density ratio

(J, /Jo. ) at the substrate surface for InGaAs and the il-
crease of cracking efficiency of PH, due to the catalytic rc;el-

1.40 tion at the GaAsP growing surface, or the reduction of the_ 0
gas-phase reaction ofAsH, in the thermial boutdarv layer. A
series oflnGaAs/GaAsP SLSs were also grown by MSE. Art ,
excellent linearity in the relation between the exposure title

1.35 and the SLS period revealed the ability of MSE to synthresize
0 5o0 10 50 200 multilayered structures with precisely controlled tlick-

Period (A) nesses without gas switching. The 8-A InGaAs and GaAsllayers are among the thinnest films ever synthesized in i
FIG. 7. Photoluminescence peak energy as a function of the period of the superlattice with alternating lafers copose hsd aP
SLSs. PL peak shifted toward higher energy with decreasing the period of a lr m d A i
the SLSs due to the quantum size effect. Solid line shows the calculated compounds. PL results indicate high optical quality and
effective band gapoflno ,,Ga..,As/GaAo.77 Po.23 SLS using the modified abrupt interfaces that are comparable to those obtained hv
Kroning-Penney model and strain-induced band-gap shift. GSMBE and CBE.
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Single-crystal x-ray diffraction study of the InGaAs-GaAsP/GaAs
superlattice system

B-L. Jiang,al F. Shimura, and G. A. Rozgonyi
Department of Material Science and Engineering, North Carolina Slate University, Raleigh, North
Carolina 27695-7916

N. Hamaguchi and S. M. Bedair
Department of Electrical and Computer Engineering, North Carolina State University, Raleigh, North
Carolina 27695- 7911

(Received 14 December 1987; accepted for publication 12 February 1988)

Single-crystal x-ray rocking curve and transmission imaging topography techniques have been
used for the characterization of InGaAs-GaAsP strained-layer superlattices (SLS's), which
are lattice matched to GaAs substrates. The thicknesses of the SLS's and strains, (W) and (ell),
were readily determined nondestructively by analyzing the rocking curves obtained with
Cu K/ft radiation. These quantitative data were combined with the qualitative defect imaging
results of x ray topography to determine the critical intrinsic SLS thickness tls ( = Ps, (PIl),)
that dominates the generation of misfit dislocations. It was estimated for the InGaAs-GaAsP
SLS on a GaAs substrate as 1.05X 10- ' / < ts: < 1.56X 10- . k.

Strained-layer superlattice (SLS) structures' have been transmission XRT. All substrates were (100), off oriented 2'
proposed as a buffer layer that can provide a filter to provide towards (110). Details of the growth conditions have been
low defect density GaAs homo- or heteroepitaxial layers. previously reported.' The nominal structural parameters for
The SLS consists of alternating ternary layers whose lattice samples A-D, which were grown in different runs, are listed
parameters are significantly different from that of the GaAs in Table I.
substrate. The layers can be thin enough to ensure that the The x-ray rocking curves were obtained by using g.o,,,
lattice mismatch is entirely accommodated by elastically symmetric diffraction vectors, and g., and gt Iasymmetric
straining the layers without generation ofmisfit dislocations; reflections by using Cu K/i, radiation. The primary incident
however, the interfacial stress turns aside threading disloca- beam was collimated by a slit of 0.05 mm in width. In order
tions propagating up from the substrate. ' Bedair et al.used to observe defects induced in the samples, x-ray topographs
a metalorganic chemical vapor deposition (MOCVD) tech- were obtained with a Lang camera with the use of Cu Xa,
nique to deposit InGaI _,As-GaAs, _,P, superlattice lay- radiation under the condition of anomalous transmission
ers that were lattice matched to the GaAs substrate when withvtz 17. An intrinsic critical thickness of SLS for gener-
y = 2x." They reported that GaAs epitaxial layers grown on ation of misfit dislocations was estimated by the analyses of
the InGaAs-GaAsP superlattice buffer layers showed a dis- both x-ray rocking curves and x-ray topography. Moreover,
location density lower by at least an order of magnitude than compositional x-ray topography ' clearly distinguished the
that obtained from epitaxial layers grown directly on GaAs defects in the SLS from those in the substrate.
substrates.' In this letter we present two single-crystal x-ray The Cu K., x-ray rocking curves obtained with the use %
diffraction techniques that use Cu K, and K a, radiation of the (400), (422), and (511) reflections consist of a main %
sequentially to obtain the rocking curves (XRC) and topo- peak from the GaAs substrate and periodic satellite peaks ,

graphy (XRT) of SLS structures, respectively. It is demon- from the SLS layers. Typical x-ray rocking curve profiles
strated that the x-ray rocking curves can rapidly and quanti- obtained by using the (422) reflection for samples A, B, C,
tatively characterize such structural parameters as the SLS and D are shown in Figs. 1 (a), 1(b), I (c), and 1(d), respec-
period and average layer strains, both parallel and perpen- tively. The location of the SLS zeroth-order satellite peak
dicular to the surface, generated at the SLS interfaces. Quali- can be identified by measuring the absolute value of the an-
tative defect images are then obtained by using composi- gular distance between the positive and negative first-order
tional and transmissicn x-ray topography to delineate satellite peaks, and dividing by two. For samples A and B, '
dislocations separately in the substrate and SLS layers. Fin- the SLS zeroth-order satellite peak overlaps the substrate
ally, a parameter that yields an intrinsic critical thickness of
SLS for generation of misfit dislocations is proposed.

Thirty-period InGa, _,As-GaAs, _,P, SLS layers TABLE 1. Nominal structure parameters for the
were grown by MOCVD at atmospheric pressure in a verti- tn,Ga, - As-GaAs, _ ,P, superlattice samples.
cal reactor. Two different GaAs substrates grown by the
horizontal Bridgman method were used: one Cr doped and Sample In/P =x/y (%) GaAs substrate Period ofSLS ,5i
the other Zn doped. The dislocation densities of these crys- A 7/14 Cr doped 300
tals were on the order of 10-104/cm', as determined by B 7/14 Cr doped 300
__C 7/12 Si doped 300
S"Visiting from Department of Material Physics, Beijing University of Iron D 7/12 Si doped A.nX

and Steel Technology, Beijing, People's Republic of China. .

1 258 Appl. Phys. Lett. 52 (15), 11 April 1988 0003-6951/88/151258-03$01.00 1 1988 American Institute of Physics 2 P



- IS SUBSTRATLE-

tO 00

5 5

L -C

01

Z 10 z

-, 3-

5 5

-36 -24 -12 0 12 24 36 -48 -36 -:4 02 ( .

W* DELTA THETA (m~n)(1 DEA PILA

SUBIS -a ocigcuvsotandw t tuse o3uUJ 42 eeto.()Sm l A b a pe1.()Nii~ ~nj( )E. 1

pek i5 thrfr1olw5htteS S saw oe sesn hsdeito satiual OLl~al L i0 t 011

tiall latic mace ihtesbtaeSoeecnie- los
abl lat0 c mim thizbevdi a pe n ,a fteS Szrt-rlrpa sd'l[ d]\ 1
shw n inFg.I()adI() oevrch ifeec n A , rmtesbtaepai~. si iI() , !
the nu bro aelt ek n hi eaieitniyp-- a h L /usrt nefc otiladpilc
fie o h ifrn -2de rfeton fo eahSml alb zufc a ecluae rr h olwn qain'

PS AIy I /A si 20

agdbio Ps fo th z pearshw inT be1.T e -,, DELTAre THETA only whil til a T1111irE IA llC[

Fei.od -ryrci uvs obtained wimifee th e seof u arein (42)celeti. (4,a) Smpe , (b) amplebit (c) andli (f.i Th) .wermpc' iew

pgek;eit herefoeac folosthat; heverS, ats afond isa tse Thi deviain is vattues afble)an t c1 obl~ t aine are gowth %o
atalS pati eratchevites th e l fsrte hev, o inone- Tlns. hc l eotste vrge t

shown in. Figuls. ofc x-and d ).cto Morlyeovrsh.ifrnei 0 rmtesbtat ek ~. Si i.1e.te

th nmerofsteliepasadterrltv ncst pro- at the )( LSs trat itter) e (ilot altipt~ie

ThS aguaplae (40 (422) ee two1 neghorn s 1te ) (42 A 1
1) +K (>', 1 0W

follo w sl

C~~~K 35 sin7 353 tan 1.0. - i 6/.C5 2.90,11

where M isfith wiloavelngt ofsrve by l1 x-ray toogahe ieto.o hr e) n E
1  r ieSrtis vrgdoe u

uSm Deeosinge thell (40) (422) and (511 releto an the /sbave itewrsrface. Fo q 2 h ynererfe

aged period PhL forte sV peo r sni aleI h 52 1,~ meaure 15,) onl while t98e nsvttltllere te

perids btanedfro difernt eflctios ae i exellnt 422 andg 51 mesurebot (~) ad ( ).thee.\erneni



SD-i

S

0. 1 (b)

FIG. 3. Compositional x-ray topographs with the use ofCu K l, (422) dit-

FIG. 2. X-ray topography with the use of Cu Ka (220) diffraction for sam- fraction for sample B. (a) Substrate and (b) SLS.

pie C. (MD, SD, and S denote misfit dislocations, substrate dislocations,
and a mechanical scratch, respectively), misfit-induced elastic force F- acting on a dislocation has

been expressed for a single hcterocpitaxial layer its
(E") 4 2 2 and ( 1 ) 51 I" The reason for positive (ll) observed in
sample B is unknown. F, = Ktf, (3)

From x-ray topography with Cu Keg radiation, misfit where f is the layer thickness, fis the layer/substrate inisfit.
dislocations were observed at the SLS/substrate interface of and K is proportional to the Bturgers vector.' For SI.S the
samples C and D, as shown in Fig. 2 for sample C; however, misfit-induced elastic force can be proportional to t lie valtic
misfit dislocations were not detected in the XRT's of sam- PsL ( I). The calculated value of P, (c"). which is rct''rred
ples A and B. In Fig. 2 the arrows MD-I point to misfit to as intrinsic strained thickness t, hereafter, is given in 1 a1-
dislocations that lie in the SLS/substrate interface and are ble II for samples A-D.
aligned along the (110) directions (the contrast feature indi- According to the calculated values of P,1 ( i ) no the
cated with the arrow S is due to a mechanical scratch on the images obtained with x-ray topography, the critical i rinIc
surface). Note that for each MD indicated, the source of strained thickness s ps, (l),). which dominates tie
these misfit dislocations is associated with a substrate dislo- generation of misfit dislocation, can he estimated to be
cation (see arrows SD in Fig. 2). As mentioned above, no .05X 0 A < t' < .56X 10 K(4

extended misfit dislocations were observed at the SLS/sub-
strate interface of samples A and B; however, transmission It is important to recognize that the parameter t~s, rather
XRT and compositional XRT revealed some dislocations than the simple thickness of'SLS or iteccoepita.\ial ' N.
locally distributed in the SLS of sample B. Figure 3 shows can be the dominant factor in correlating the critical growth
the compositionally differentiated XRT for the (a) substrate conditions with the application of misfit dislocation gencra
and (b) SLS of sample B. These images were obtained by tion to the elimination of substrate defects.
separately recording (422) reflections from the substrate In summary, single-crystal x-ray rocking curve and io-
peak and the second-order (n = - 2) SLS satellite peak, pography techniques using Cu Kf3, and Cu Ka, radiation.
respectively. No defect contrast, except weak contrast that is respectively, have beers used for the characterization oIJ
considered to be due to misfit dislocations running in the InGaAs-GaAsP strained-layer superlattices on GaAs snI-
SLS very close to the interface, is observed in the substrate strates. The thickness of the SLS and strains (,:) adt (6)
[Fig. 3(a)]. However, both threading and misfit disloca- werewell determined by analyzing the rockingcurves. Corn-
tions are found in the SLS. These defects observed in the SLS binitg the results of x-ray topography, the critical intrinsic
of sample B may be related with its positive (el) shown in strained thickness ts ( = Ps. (VI), ) that dominates the
Table II. generation of misfit dislocation was determined for InGaAs-

This sequence of bending a substrate defect into the epi- GaAsP strained-layer superlattice/GaAs substrate system. - ,
taxy interfacial plane and then extending the defect to the This work was supported by the Air Force Office of
edge of the wafer is precisely the goal of those workers who Scientific Research and the Solar Energy Research Institute.
desire the elimination of substrate defects using lattice mis-
fit. The challenge is, of course, to achieve this without intro- 'J. w. Matthews, A. E. Blakeslee, and S. Madcr, Thin Solid Filmns 33. 253

ducing unwanted new dislocations, which thread up to the (1976).wae sure J. W. Matthews, S. Mader, and T. B. Light, J. Appl. Phys. 41, 3S00 (1)70)wafer surface. 'G. A. Rozgonyi, P.M. Petroff, and M. Dl. Panish, Appl. Phys. Lent 24.25 I
It is recognized that an elastic force from strain energy (1974).

existing at a misfit interface will act on a substrate disloca- 'S.M. Bedair,T. Katsuyama, M.Timmons,and M. A.Tisciter. I-Il Ilcc.

tion as it passes through a heteroepitaxial interface.' The tron Device Lett. EDL-5, 45 (1984).

propagation direction of the dislocation can, therefore, be 'M. A. Tischler, T. Katsuyama, N. A. Et-Masry, and S. M. Bedair. .\ppI
Phys. Len. 46, 294 (1985).

changed so that the dislocation does not enter into the epi- 'J. K. Howard and R. D. Dobrott, J. Electrochem Soc. ! 13, 567 (1o,)

taxial layer. Rozgonyi et al.3 have verified experimentally 'M. Quillec, L. Goldstein, G. LeRoux, J. Burgeat, and J. Priniot, J. Appl

this model by carefully controlling the layer thickness and Phys. 55, 2904 (1984).

the lattice parameter mismatch in growing heteroepitaxial 'M. C. Joncour, M. N. Charasse, and J. Burgeat, J. Appl. Phys. 58. 33"3
(1985).

layers of GaAlAsP on GaAs substrates. Mathematically, the 'V. S. Sperios and T. Vreeland, Jr., J. A ppl. Phys. 56, 1591 ( 1984).
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Defect reduction in GaAs epitaxial layers using a GaAsP-lnGaAs strained-
layer superlattice

M.A. Tischler, T. Katsuyama, N. A. EI-Masry, and S. M. Bedair
Electrical and Computer Engineering Department, Bo. 7911, North Carolina State University, Raleigh.

North Carolina 27695-7911

(Received 30 August 1984; accepted for publication 9 November 1984)

GaAsP-InGaAs strained-layer superlattices grown lattice matched to GaAs have been used to
reduce the density of threading dislocations originating from the GaAs substrate. GaAs epitaxial
layers grown on the GaAsP-InGaAs superlattice buffer layers showed a dislocation density lower
by at least an order of magnitude than that obtained from epitaxial layers grown directly on GaAs
substrates. Transmission electron microscopy showed that dislocations originating from the
GaAs substrate do not penetrate the GaAsP-InGaAs superlattice layers.

The recent advances in GaAs device and integrated cir- a maximum thickness such that the strain is accommodated

cuit technology have stimulated the need for high quality, elastically, but greater than a minimum thickness required

uniform substrates. These are necessary to achieve uniform for "bending over" the dislocations." The dislocations S

circuit parameters and respectable yields. However, com- propagating up from the substrate encounter the strain field

pound semiconductor substrates typically have several types and are bent over and forced to move laterally towards the

of defects, such as dislocations, which can degrade the oper- edge of the substrate. Note that the materials must have

ation of devices and circuits. Typical substrates have disloca- enough lattice mismatch to generate the required strain. The

tion densities on the order of 10' cm- 2 and greater. Addi- problem that arises with strained-superlattice structures

tionally the dislocation density is not uniform across the such as GaAs-lnGaAs and GaAs-GaAsP is that they are
wafer; for example, dislocations in liquid encapsulated not, as a whole, lattice matched to the GaAs substrate or

Czochralski (LEC) wafers usually have a W-shaped distribu- epitaxial layer. Thus more dislocations are produced at these
tion, with larger densities at the edge and center of the wa- interfaces. What is needed is a superlattice composed of two
fer.' These dislocations, as evidenced by etch pits, x-ray to- materials having equal but opposite lattice mismatches, such

pography, and transmission electron microscopy (TEM) that the average lattice constant matches that of GaAs. We
have been correlated to material parameters such as photo- have proposed a materials system, GaAs, _ -

luminescence intensity,2" sheet carrier concentration, and InyGaAs, which is lattice matched to GaAs when
sheet resistance4' as Well as device parameters including x = 2y. "6 Additional potential material systems are GaAsP-
leakage' and drain-source' currents, and threshold vol- GaAsSb, GaAsP-InGaAsSb, and Gao.52+,Ino.48 _,P- e
tage.' -0 Sheet carrier concentration directly tracks the dis- Gao.52 , Ino.48 + x P. This allows a high quality GaAs layer
location density while the sheet resistance is inversely pro- to be grown lattice matched on top of the superlattice buffer
portional to it.4 Metal-semiconductor field-effect transistor (SLB) layer. There is also some evidence that a strained su-
arrays across 2-in. LEC wafers show threshold voltage varia- perlattice may act as a gettering site for impurities out diffus-

tions of about 400 mV [for Vh (mean) = + 0. 126 V] with ing from the substrate.'
Vjh becoming more negative as the dislocation density in- Ten period SLB's were grown by metalorganic chemi-
creases." LEC wafers typically have dislocation networks cal vapor deposition at atmospheric pressure in a vertical
which result in large variations in device parameters while reactor. Gallium was supplied from a trimethylgallium
horizontal Bridgman (HB) wafers usually have more uni- bubbler (0 *C) at a flow rate of 5 sccm. Indium was supplied
form dislocation densities.' Defect density variations across from a triethylindium bubbler (20 *C) at a flow rate of 200
the boule can be another source of problems for GaAs tech- sccm. AsH, and PH, (both 5% in H2), at flow rates of 40 and
nology. Thus, it is evident that the quality of the GaAs must 60 sccm respectively, were used as the As and P sources.
be improved to have a viable integrated circuit process. Palladium diffused H2 flowing at a rate of 4 //m served as the

One possible method for reducing defects is to improve carrier gas. The growth temperature was 630 *C. Four differ-
the bulk growth of GaAs. There have recently been reports 12 ent substrates were used; two silicon doped, one Cr-doped,
of HB, silicon-doped GaAs substrates with less than 200 and one LEC (semi-insulating). All substrates were (100),
dislocations cm- -. This low density has not yet been realized oriented 2* towards (110). Details of the calibration proce-
in LEC or Cr-doped material, which is required for GaAs dure to produce the SLB lattice matched to GaAs have been
integrated circuits. The approach we have investigated is to previously reported. 6 For these experiments x(% P) - 17%
provide a low defect density epitaxial layer using a strained- and y(% In) - 8%. X-ray diffraction showed that the mis-
layer superlattice. This was first proposesd by Matthews and match between the SLB and the GaAs substrate is less than
Blakeslee"-" who used the strain field in a GaAsP-GaAs 0.1%. The thickness of each layer is between 100-1 80.k; the
superlattice to turn aside dislocations propagating up from minimum and maximum thicknesses mentioned above are
the substrate. A superlattice is constructed of layers with calculated (for GaAs, ,, P0  17-Inoo Gao.92 As) to be on the
different lattice constants such that layers are alternately order of 100 and 300 A, respectively. GaAs epitaxial layers
under compression and tension. The layers are thinner than were then simultaneously grown on the SLB and directly on
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TABLE I. Results of etch pit density measurements. .

Ewli pit density (Cmi
Run Substrate Et_ h ptesy_ '

SLB plus
S ,);trate (;a.A,, epilaycr GaAs epilayer

A Cr I-2" xIo I-8. I0' 50
B Si - 101 - 0 20
C Si -,. II) I) 4(X)
D SI LEC l-1,'". I0 -4- , -

E St - 6 o I - 2 . I1) I81)

GaAs substrates for etch pit density (EPD) comparison. All
the GaAs epitaxial layers were about 2 jm thick and they
had mirrorlike surfaces with no cross hatching. This indi-
cates the good lattice match between the SLB and GaAs.

Molten KOH at 330 *C was used to delineate the dislo-
cations. Table I shows the etch pit density of the substrates, (a)

the GaAs epitaxial layers directly on the substrates, and the
GaAs epitaxial layers on the 10 period SLB layers. The etch
pit densities of the epitaxial samples were taken over an area
about 0.5 cm square. In addition to the five sets of samples in
Table I, EPD measurements were also made on five other
samples. These had 10-35 superlattice periods and GaAs
epitaxial layers 2-4 /im thick. The EPD's on these samples
varied from 200 to 500 cm 2 While EPD measurements are
statistical in nature, and somewhat variable across a sample,
we have consistently seen EPD's in epitaxial layers directly
on GaAs substrates in the thousands per square cm range,
while the SLB reduces the EPD to the hundreds per square
cm range. It should be noted that this type of approach can
only reduce dislocations threading up from the substrate.
Dislocations produced by vacancies, interstitials, etc. within
the epitaxial layer may still be present. (b)

Transmission electron microscopy (TEM) was also
done on several of the epitaxial layers on a SLB. The TEM
samples were prepared by lapping and ion milling two pieces
bonded together face to face. They are viewed in cross sec-
tion, with the electron beam parallel to the (110) zone axis. < 20>
Figure 1(a) shows a TEM cross section for a 10-period
GaAsP-InGaAs SLB indicating the uniform thickness of the
two ternary alloys. The period of the superlattice in Fig. 1 (a)
is about 230 A. Figure l(b) shows a threading dislocation
which started in the GaAs substrate and does not penetrate
the SLB. The SLB is delineated by the arrows. The diffrac-
tion conditions for these micrographs are not optimized for
the simultaneous observation of the SLB layers and the dis- 0.25
location lines. Additionally, the low dislocation density
makes it quite difficult to find a dislocation using TEM. ,
These micrographs are the results from several trials. Figure •
l(c) shows another TEM cross section in which a threading FIG. (.a) TEM micrograph of GalnAs-GaAsP superlattie. (b) TEMcrograph showing a threading dislocation which does not penetrate the
dislocation does not penetrate the SLB. These TEM micro- SLB. The substrate ison theleftsideof theSLB. (c)TEM micrograph show-
graphs are another demonstration that threading disloca- ing a threading dislocation which does not penetrate the SLB. The substrate
tions which start in the substrate may not penetrate the SLB. is on the right side of the SLB.
It is not clear at this stage how many periods are required to
eliminate these threading dislocations. ers directly on GaAs substrates. TEM studies show that

In conclusion, strained superlattice bnffer layers have threading dislocations which start in the GaAs substrate do
been grown with an average lattice constar,t equal to that of not penetrate the SLB layer. It is expected that devices and
GaAs, as shown by the x-ray diffraction data. Epitaxial circuits fabricated in epitaxial layers on top of SLB's will
GaAs layers grown on these SLB's show significantly exhibit less variation in electrical parameters than those fab-
smaller dislocation densities than simultaneously grown lay- ricated directly on a GaAs substrate.
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Atomic layer epitaxy of III-V binary compounds
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Atomic layer epitaxy (ALE) of 111-V semiconductors is reported for the first time using
metalorganic and hydride sources. This is achieved by using a new growth chamber and susceptor
design which incorporates a shuttering mechanism to allow successive exposure to streams of
gases from the two sources. Also, most ofthe gaseous boundary layer is sheared off after exposure
to the gas streams. GaAs and AlAs deposited by ALE are single crystal and show good optical
properties.

The recent interest in high electron mobility transistors layer. The atomic layer epitaxy (ALE) of III-V compounds
(HEMT's), superlattices, and quantum well structures and could be achieved using either MBE or MOCVD. In the case
devices has required improvements in the ability to produce of MBE, the shutters are assumed to allow the exposure of
thin layers and abrupt interfaces. Both molecular beam epi- the substrate to either column III or V beams independently.
taxy (MBE) and, to a lesser extent, metalorganic chemical In the case of MOCVD, an analogous shuttering mechanism
vapor deposition (MOCVD) have made impressive advances would be used.
in this respect and yet both are limited by operating in a We report for the first time the successful atomic layer
"bulk" growth regime. The ultimate control of the growth of epitaxy of GaAs and AlAs by MOCVD. This technique can
III-V compounds would be achieved by the deposition of one also be used to investigate the MOCVD growth mechanism
monolayer of column III atoms followed by a monolayer of and will be reported on at a later date. The growth chamber
column V atoms. This process would then be repeated until is schematically shown in Fig. 1. For the growth of GaAs,
thedesired thickness has been reached. The total layer thick- AsH. + H2  and trimethylgallium (TMG) + H2  flow
ness could be controlled very accurately since each cycle of through the inlet tubes A and B, respectively. A large flow of
exposures would result in the growth of a known thickness. H, in the middle tube (C) is designed to prevent mixing of the
The interfaces, in principle, would be atomically abrupt gases from tubes A and B. The rf heated susceptor is made of
since the reactant fluxes could be changed within one atomic graphite coated with silicon carbide, and consists of several
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FIG. 1. Schematic diagram of the growth chamber and susceptor for ALE. 8000 8200 5400
The susceptor consists of a fixed part F. a rotating part R, and a recess in
part R which holds the substrate. Inlet tubes A and B provide the reactant Wavelentgth (A)
gases. A large H2 flow in tube C helps prevent mixing of the gases from tubes FIG. 2. Photolutminescence at 77 K of 100 cycles of GaAs grown by A LI
A and B. sandwiched between layers of GaAs,,,, P. 3. The full width at half-max;

mum is 11 meV.

parts. Fixed part F has two windows aligned to face the inlet
tubes A and B. The substrate sits in a recess in the rotating for 1 s and then moved back under the ASH, for 5 s.On
part R and can be positioned under the windows of thle fixed complete cycle was performe. in about 10 s. All growth
part F, thus facing either the columin Ill or V input flux. The consisted of 100 cycles. T',e exposure time to AsH, is noi
position of the substrate is controlled through at rotating critical since excess As atoms will evaporate almost immedi
feedthrough at the base of the growth chamber. The recess in ately. The sticking probability of As on GaAs covered wit I
partR and the thickness of the substrate are chosen to allow Ga is very close to unity.' After the first monolayer of As iP
minimum clearance between the substrate surface and the adsorbed, its sticking probability reduces to almost zero. Tht
fixed part of the susceptor. When the substrate is exposed to growth of AlAs was carried out in an analogous mannei
the stream of column III species from inlet B, a boundary using trimethylaluminum (TMA) at 9 *C and a flow of H1
layer will build up on the substrate surface. When the sub- through the bubbler of 2.5 sccm.

strate is rotated away from this position, most of the bound- The ALE samples of GaAs were characterized by pho

ary layer will be sheared off by the fixed part F, allowing an toluminescence (PL) at 77 K. Two types of samples were

almost immediate termination of exposure of the substrate grown. One consisted of 100 cycles of GaAs grown by ALE
to the input flux. Additionally, the initial substrate exposure on a 3-pim-thick InGaAs-GaAsP superlattice grown by con
to the column II flux will take place almost wihout the ventional MOCVD. The superlattice is lattice matched tc
presence of any gaseous boundary layer (made up of GaAs and has an effective band gap of about 1.3 eV. The
H2 + AsH3 in this case). The above arguments can also be second type of sample consisted of a 2-for-thic
applied when the substrate is moved under tube A and ex- GaAS c9 l P 03 layer, 100 cycles of GaAs by ALE, and a 300-
posed to As 3. Thus, for a short exposure time, it is possible 500-A GaAso9 P00 y cap. The GaAs 97 P 0 3 layers were
that the adsorption process is controlled by surface kinetics grown by conventional MOCD. This was achieved by add-
rather than diffusion of the reactant species through it ing a second TMG and PH' sources to line A. The superlat-
boundary layer, as is always the case in conventional tice and the thick GaAs te97 Pt0 h layer prevented photolu-

MOCVD growth. minescence from the GaAs substrate from interfering with -
This technique was used to deposit GaAs and AlAs. It the signal from the ALE GaAs layer. The cap layer facilitat

the csea of Gaosu 3 (5% in H2) + 500 sccm of H , and ed cross-sectional thickness measurements.
trimethylgallium (TMG) + 500 sccm of H, flowed through Figure 2 shows the PL spectra of the latter type of sam-
tubes A and B, respectively. The flow of H, through the pie with 100 cycles of ALE GaAs. The GaAs peak is clearl
TMG bubbler and thetemperature of the bubbler were set to evident and has a full width at half-maximum of about II
0.5 seem and - 15 C respectively which are the minimum meV indicating the good quality ofthe GaAs grown by ALE.
values available in our system. The flow of AsH, was 10 The small peak is from the GaAs0 97 Pr 03 layer. The former
seem. Three liters per minute of H, flowed through the cen- type of sample also showed a GaAs peak. The AlAs samples
ter tube (C) to prevent mixing. The substrate temperature consisted of 2 em offGaAs, 100cycles ofAlAs, anda 1 000-A
was in the range of 560-600 *C. All substrates were n-type GaAs cap. The GaAs in this case was also grown by conven-
GaAs, (100), oriented 2* towards (110). The growth process tional MOCVD.
starts by heating the substrate under AsH, (tube A )nfor a few Figure 3 shows the surface of a GaAs layer grown b)
minutes. The substrate is then exposed to the TMG (tube B) ALE. All the deposited layers had mirrorlike surfaces
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FIG. 3. Photomicrograph of the surface of 100 cycles of GaAs grown by
ALE. FIG. 4. Photomicrograph of 100 cycles of AlAs grown by ALE sandwiched

between layers of GaAs, and angle lapped at 1/3*.

Transmission electron microscope (TEM) samples were pre-
pared by lapping and ion milling two pieces which were process. Several models for the deposition mechanism have

bonded together face to face. They were viewed in cross sec- been proposed. For example, one model proposed that the

tion with the electron beam parallel to the (002) zone axis. metalorganic molecule and the hydride adsorb on separate

Diffraction studies by TEM indicated that the ALE growths surface sites, followed by the formation of intermediate corn-

are single crystal. The GaAs layer is about 800 4 thick as plexes and then the desorption of methane.' Another model

measured by TEM. Figure 4 shows an AlAs sample angle showed that intermediate complex formation takes place in

lapped at l/3*. The dark line is the AlAs layer grown by the gas phase.' It was also proposed that complete reaction

ALE. It is about 300 A thick. in the gas phase takes place followed by the successive diffu-

The difference in thicknesses between ALE GaAs and sion of small GaAs clusters towards the surface." However,

AlAs is aresult of the flux of the column III species. Ideally, the result of the current experiment clearly indicates that

100 cycles, each depositing one monolayer of column III and MOCVD can also take place through independent deposi-

one monolayer of column V species, would produce a layer tion of Ga and As species.
about 283,& thick. However, the minimum fluxes available In conclusion, ALE of GaAs and AlAs has been dem-

were system limited with the TMG flux several times larger onstrated by MOCVD for the first time. This has been ac-

than the TMA flux. Additionally the minimum reproducible complished by using a new design for the growth chamber

exposure time was one second. Thus for ALE of GaAs, and susceptor. The susceptor incorporates a shuttering ac-

about two to three monolayers of Ga were deposited on the tion which allows the substrate to be sequentially exposed to
surface, whereas in the case of AlAs about one atomic layer different gas streams and also shears off most of the bound-
of Al was deposited. The use of triethylgallium, with its low- ary layer which builds up during exposure. The current re-
er vapor pressure, should allow the deposition of single lay- sults also indicate that the growth by MOCVD takes place

ers of gallium. The deposition of more than one monolayer is through the independent deposition of both Ga and As spe-
not present in the ALE of II-VI compounds' due to the very cies. We believe that atomic layer epitaxy will be useful for
high vapor press-ire of the species. growing structures and devices requiring very well con-

In order to make sure that conventional MOCVD trolled thicknesses and/or very abrupt interfaces. Addition-
growth was not occurring from any mixing of gases in the ally, ALE may provide a vehicle for investigating fundamen-
growth chamber, the following experiment was carried out. tal aspects of compound semiconductor growth.
The substrate was exposed to the TMG stream for 3 mini This work was supported by Army Office of Research
while the AsH3 and center Hlines were flowing as described and Air Force Office of Scientific Research.'1
above. The deposited film had a dull surface and could be
wiped off by a cotton swab. PL on this layer deposited on a

supelaticesubsrat shwedonlya vry eak a~spea. N. R. Leys and H. Veenvtjet, L. Cryst. Growth 55, 145 J1991).
Tecrepnigeprmnwihasuperlattice substrate shwdol eywa aspa. J. R. Arthur, J. Apl Phys. 39, 4032 (1968).

The orrspodin exprimnt itha sperfttie sbstate S. M. Bedair, T. Katsuyama. M. Timmons, and M. A. Tischler, Electron

exposed only to AsH, with the TMG and center H, lines Device Lett. 5, 45 (1984).

flowing showed no GaAs PL peak. Thus, the amount of mix- 'M. Pessa, P. Huttunen, and NI. A. Herman, J. Appi. Phys. 54, 6047 (1982).
ing is quite small and is not expected to play a significant role D. J. Schlyer and M. A. Ring, J. Electrochem. Soc. 124, 569 (1977).

'W. H. Petzke, V. Gottschalch, and E. Butter, Kristall Tech. 9, 763 (1974).
in the ALE process. TI A. Frolov, P. B. Holdyrevskii, P L. Druz, and E. B. Sokolov, Inorg.
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Self-limiting mechanism in the atomic layer epitaxy of GaAs
M. A. Tischler and S. M. Bedair
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(Received 20 May 1985; accepted for puolication 18 April 1986) S

A self-limiting mechanism has been observed in the atomic layer epitaxy (ALE) of GaAs
deposited by alternate exposure to AsH, and trimethylgallium (TMG). The thickness of the
deposited film was found to be independent of the mole fractions of both TMG and AsH 3 in the
gas phase. These results will allow the use of ALE to deposit III-V compounds with growth rates
which are insensitive to the input partial pressures of the reactive gases.

Atomic layer epitaxy (ALE) of III-V compounds offers TMG fluxes from different inlet tubes as indicated. The sub-

a new approach for the synthesis of these material systems. strate sits in a recess in the rotating part (R) ofthe susceptor.
The crystal structure of GaAs, for example, grown by ALE The gases flow through two windows in the fixed top part

is built by the deposition of alternate layers of Ga and As. (F) and through two corresponding holes in the base of the

ALE can be used as a means to accurately control layer susceptor as shown in Fig. 2. The fixed top part also acts to

thickness and obtain abrupt interfaces, potentially within shear off most of the gaseous boundary layer between succes-

one atomic layer. ALE can also be a basis for studying the sive exposures. Thus, the gases flow unimpeded through the

deposition mechanism of III-V compounds, where in this susceptor except when the substrate cuts through the

case column III and V elements are not deposited simulta- streams. This acts to prevent the formation of a gaseous

neously. ALE using molecular beam epitaxy (MBE) can boundary layer over the rotating part of the susceptor which

develop more understanding of the residence time of the spe- holds the substrate. The clearance between the surface of the

cies,' the cracking efficiency of column V molecules,- and substrate and the top piece is several mils to avoid scratching

the incorporation of atoms at their lattice sites. In the case of the substrate. The amount of TMG or AsH3 trapped in this

metalorganic chemical vapor deposition (MOCVD), ALE small volume, which could be transferred to the AsH3 or

can help in understanding the cracking mechanism of alkyl TMG side respectively, is, in the current experiment, only

and hydride molecules and the effect of the gaseous bound- enough to deposit less than 1/10 of a monolayer per cycle 9
ary layer on the growth process.3  and thus cannot account for the observed growth. The H2

ALE has been previously reported for II-VI4 and III- carrier gas flows for TMG ( - 13 *C) and AsH 3 (5% in H2 )

V3-7 compounds. ALE of II-VI compounds relies on the fair- were 500 sccm each and the H, flow in the center tube was

ly high vapor pressure of the constituent elements. This will 5000 sccm. A graphite wedgejust below the center inlet tube,

allow only one chemically adsorbed monolayer to remain on in conjunction with the H2 flow through that tube, acts to

the substrate surface at the growth temperature irrespective S
of the number of layers that were initially deposited.' This
self-limiting mechanism will guarantee that theepitaxial lay- AsH 3 + H2  H2  TMO + H2

er is built up by the deposition of a sequence of monolayers of
column II and then VI elements. The conditions are quite
different in the case of III-V compounds since the vapor Windows

pressure of most column III elements is fairly low at the
deposition temperature. In this case the self-limiting mecha- Fix ed

nism that relies on the re-evaporation of excess atoms or Wedge

molecules may not apply. ALE of III-V compounds is ex- Recil for

pected to require precise control of the column III flux, oth- subs rate

erwise, excess amounts will deposit and ball and will result in
poor surface morphology. There is no equivalent problem Ouartz

part R tube
for the case of column V elements such as As or P because of %
their fairly high vapor pressures. Sb may be an exception due
to its relatively lower vapor pressure. In this letter we report , V%-,
on our findings that a self-limiting mechanism is also taking
place in the ALE of GaAs by MOCVD. This self-limiting
mechanism may be related to the process of decomposition Ro ft In a
oftrimethylgallium (TMG) on the substrate surface and in fa*dthr*,gh E-h.,i,

the thermal boundary layer. t

The experimental setup for the ALE of GaAs using FIG. I. Schematic diagram ofthe growth chamber and susceptor for ALE.
TMG and AsH3 has been previously described' and a sche- The susceptor consists of a fixed part F. a rotating part R, and a recess in

part R which holds the substrate. The left and right inlet tubes provide themarie of the growth system is shown in Fig. 1. Growth pro- AsH, and TMG, respectively. A graphite wedge in conjunction with a large
ceeds by alternately exposing the substrate to the AsH 3 and H. flow from the center tube helps prevent mixing of AsH, and TMG.
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FIG. 2. Schematic diagram of the susceptor showing holes in the base 4ifhc
susceptor through which the input gases flow. The rotating part o" the sos- 5 1 0 1 5 2 0 2 5
ceptor containing the substrate cuts through these gas streams. T M G F L O W ( u m o I e s / m in )

FIG. 4. Thickness per cycle of ALE GaAs vs TMG flux. The horizontal
separate the AsH3 and TMG gas streams. The AsH, flow InesindicatedtheidealALEthicknesspercyclefor (100) and (11) orien-
was 25 scem and the substrate temperature was 630 'C. tations. (100) substrates: (0) T,, = 630 °C, AsH, = 52jtmoles/min: (U)

The inside diameters of the growth chamber and inlet T._, = 450'C, AsH, = 156 /imoles/min; ( + ) T,, = 450 'C,

tubes are 95 and 10 mm, respectively. The substrate is about AsH, = 410 timolcs/rnin; (*) Th = 630 *C, AsH = 410 /moles/nin
(:) .,, =700"C, AsH, =52 umoles/min. (111) substrate: (A

2 cm below the top of the growth chamber. The cross-see- T,_, = 630'C, AsH, = 52 amoles/min.

tional area of the gas stream at the substrate is not well
known, and thus the exact flux impinging on the substrate is
difficult to calculate. However, the total gas flow iu each gas phase, are shown in Fig. 4. Only about one monolayer is
inlet tube was kept constant throughout these experiments deposited per cycle with this being independent of the mole
resulting in a constant cross-sectional area tit the snubl'alc, fraction of TMG in the gas phase. The same results wereTherefore, the flux at the substrate is proportional to the obtained for different growth temperatures in the range of
mole fraction of each species in the gas phase. . 450-700 *C. Also, increasing the AsH3 flow by about an or-

The substrate was rotated continuously using a stepping
motor and one complete exposure cycle was performed in

2.6 s. This results in equal exposure times of about 0.3 s each atomic layer per cycle. Two GaAs substrate orientations
were used in this study, (III)B and (100), oriented 2' 10to the AsH3 and TMG gas streams. A standard growth run toad 10.Teepsinrtefabuoemnoyr .,

in this study consists of 1200 cycles. The thickness of the towards (1 10). The deposition rate of about one monolayer
per cycle was observed for both of these orientations.

deposited ALE film was determineu from cleaved cross sec- This experimental result cannot be related to the volume
tions using optical and transmission electron microscopy of the trapped gas between the substrate surface and the top
(TEM). piece of the susceptor. If growth resulted from these trapped

The as-grown GaAs has a mirrorlike surface and is sin- gases, the mole fraction of TMG in these gases and, thus, the
gle crystal as indicated from he TEM diffr cio pA;lcrim GaAs layer thickness, should be proportional to the TMG
shown in Fig. 3. The thicknesses of the deposited ALE films mole fraction in the input gas phase. However, the results in
per growth cycle, for different TMG mole fractions in the Fig. 4 show that this is not the case and these results can also

indicate that these trapped gases, if any, do not play a major
role in the ALE process.

It might also be possible that some minor cross conta- 0
mination from the AsH3 side is responsible for the limiting
process. The amount of deposited Ga and thus the ALE film ,'
thickness may be dependent on this AsH 3 flux irrespective of
the TMG flux. To investigate the effect of cross contamina-
tion on the ALE process, the following experiment was car-
ried out. The AsH3 was switched off after every substrate
exposure to the AsH 3 and enough time was allowed (20 s) to
flush it out of the growth chamber before the substrate was
rotated to be exposed to the TMG flux. The deposited ALE
film in this case was found to be of the same quality as those
obtained when AsH 3 was kept on all the time, as indicated
from surface morphology and photoluminescence response.
Also, the thickness of the deposited ALE was about the same

as that shown in Fig. 4. Additionally, increasing the AsH,
flow, as mentioned previously, which should also increase

FIG. 3. Transmission electron diffraction pattern of GaAs grown by ALt the amount of AsH. diffusing to the Ga side, resulted in a
1682 AppI. Phys. Lelt., Vol. 48. No. 24, 16 June 1986 M A Tischler and S. M. Bedair 1682



imilar growth rate. Thus, cross contamination does not In conclusion, a self-limiting process for the deposition
seem to play any significant role in the ALE process nor can of Ga from TMG during the ALE of GaAs has been ob-
it be used to explain the above results. served. This effect will make the ALE of GaAs insensitive to

The mechanism for this self-limiting action is not fully the mole fraction of the TMG in the gas phase, thus alleviat-
understood; however, a possible explanation can be as fol- ing one of the major problems of ALE of Ill-V compounds
lows. Since the thermal boundary layer is quite thin, tic by MOCVD.
TMG molecule may not decompose until it is close to, or on This work is supported by the National Science Founda-
the substrate surface. At this point, the TMG can acquire tion and the Air Force Office of Scientific Research. The
enough thermal energy from the substrate to partially or authors would like to thank N. A. EI-Masry for performing
fully decompose or to re-evaporate undissociated. The exact the TEM work.
nature of the deposited Ga species is not known. At least a
coverage of one monolayer of chemically adsorbed mole-
cules on the GaAs substrate will take place. The cracking 1. R. Arthur, I. Appl. Ph., 39. 4032 l1)68).

efficiency of TMG on the GaAs surface (630 *C) can be '. T. Foxon and B. A. Joyce, Surf. Sci. 50, 434 (1975).

fairly high 7; however, when the GaAs surface is covered 'M. R. Leys and H. Vecnvliet, J. Cryst. Growth 55, 145 (1981 ).
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cules may then be very small. Thus, these additional TMG (1985).

molecules may re-evaporate before they have a chance to M. A. Tischler, N. G. Anderson. and S. M. Bedair, Electronic Materials
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(1985).

ferent substrates.' More work is needed to verify the above T1. Kaldis, Crystal Growth, Theory and Techniques, edited by C. H. L.

assumptions. Goodman (Plenum, London, 1974), Vol. 1, p. 112.

1683 Appl. Phys. Lett., Vol. 48, No. 24, 16 June 1986 M A. Tischler and S. M. Bedair 1683

1 mlf



Defect reduction in GaAs grown by molecular beam epitaxy using different
superlattice structures P

S. M. Bedair, T. P. Humphreys, N. A. El-Masry, Y. Lo, N. Hamaguchi, C. D. Lamp,
A. A. Tuttle, D. L. Dreifus, and P. Russell
Department of Electrical and Computer Engineering. North (arolina State Uni,ersi.y. Raleigh,
North Carolina 2 7695- 7911

(Received 23 June 1986; accepted for publication 12 August 1986)

Several superlattice structures, grown by molecular beam epitaxy, have been used to reduce the
density of threading dislocations originating from the GaAs substrate. Results clearly indicate
that compared to epitaxial layers grown directly on GaAs substrates, a GaAs-In. Gat , As
superlattice (x < 0.12) reduces the dislocations by approximately two orders of magnitude.
Transmission electron microscopy, electron beam induced current, and etch pit density have
been used to characterize the effectiveness of using superlattice buffer layers for the reduction
of defects in GaAs epilayers.

Compound semiconductor substrates typically have grown layers were Si doped to the mid !0"6 /cm 3 range. The
several types of defects, such as dislocations, which can dc- superlattice has five periods, each layer being 100 . thick.
grade the operation of devices and circuits. For example. Since the individual layers are sufficiently thin, the lattice
semi-insulating GaAs substrates have dislocations ofthe or- mismatch is elastically accommodated by the uniform
der of 10' cm- 2 and greater. Moreover, the dislocation den- strain. This strain can be present as a compressive strain in
sity which typically has a W-shaped distribution is nontini- the In.,Ga, As layers only, thus maintaining the GaAs
form across the sample surface.' The presence of such lattice constant in the growth plane. However, the strain can
defects greatly influences device parameters such as source- also be accommodated by tensile and compressive strains in
drain currents and threshold voltages resulting in a dramatic the GaAs and InGaAs films, respectively. In this case the
degradation of performance.2 We have recently reported the superlattice will have a lattice constant corresponding to
use of GaAsP-InGaAs strained-layer superlatticcs (SLS's) lnGaAs with an InAs mole fraction ofx/2. If the total thick-
to reduce threading dislocations originating from the GaAs ness of the SL structure made of these five periods exceeds
substrate. Furthermore, the GaAs epilayers grown on this the critical thickness6 h., misfit dislocations will be genera-
SLS buffer were found to be almost dislocation-free.' This ted at the SLS-GaAs interfaces. The generation of misfit dis-
SLS structure, grown by metalorganic chemical vapor depo- locations has been observed in our present study and will be
sition, was constructed from alternating layers under tension discussed later. Consequently, in order to prevent the gener-
(GaAsP) and compression (InGaAs). The compositions of ation of dislocations at the SLS-GaAs interfaces we must
the two ternary alloys are adjusted such that the SLS is lat- limit the total thickness of the SLS to a value below the criti-
tice matched to GaAs.4  cal thickness, h. However, by incorporating intermediate

Superlattice structures composed of phosphorus and ar- thick layers of GaAs we can extend the number of sets of
senic compounds are difficult to grow using molecular beam five-period GaAs-InGaAs SLS's. In Fig. 1 we illustrate a
epitaxy (MBE). Consequently, most MBE superlattice structure incorporating a 2000-A GaAs buffer layer between
buffer layers are based on Al. Ga, -As-GaAs SLS struc-
tures (0 <x < I Y) Since this SLS structure is nearly lattice
matched, the built-in strain is insufficient to suppress the
propagation of threading dislocations originating from the G a A a -

substrate. However, it has been reported in the literature' E p i a ye r
that using Alo 3GaoAs-GaAs and AlAs-GaAs SL's, the -lzns
dislocation density can be reduced by factors of 3 and 20, G a A - I n G a A s -

respectively. This is in contrast to the three to four orders of S L S GaAs
magnitude reduction when GaAsP-InGaAs SLS's are used.' o
In this letter we report the use of GaAs-ln, Gat_ As 2000A 3000A
(0 <x < 0.2) SLS buffer layers reducing dislocations in the GaAsInGaAs "Structure"
GaAs epilayers. SLS -

The GaAs-InGaAs SLS's were grown by MBE at 550 *C G a A s
on both (100) Cr- and Si-doped substrates. For comparison,
a similar structure made of Ale. Ga0  As-GaAs superlattice S u b , t r a to
was grown at 620°C. A 2-pm GaAs epitaxial layer was
grown on the SL and directly on the substrate for etch pit FIG. I, Schematic of GaAs-InGaAs SLS with 2000-A GaAs intermediate
density (EPD) determination and comparison. All the laer used to reduce defects in the GaAs epilayer.
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TABLE 1. Results of etch pit density (1P1')) nieastircicnw I Y

N lc of '

Run SIS ',triiiic with "(XXI.\ pe iod ( l1

A GiaAs AI]_ (a As 2 I S . JIi

B GaAs-ln,, (i,,.A,, ? - 5 Io,

C GaAs- In,,,.ia,,,_ As 2 1) ) o t) 'l

D GaAs-lnt,,,, A'o h h lIO

1., GaAs-In,,,,wA- 2 . )' GaAs

'Substrate EPD for both Si- and Cr-doped samplhs are of the order of L'

cm " EPD for cpilayers grown directly on the substrate arc i thi e 10'/ SLcm :range.

bSi-doped substrates.
'The total thickness ofthe SLS is 12W0 A, which esceeds the critical thick-

nes.Substrate 0.125lum

two successive GaAs-lnGaAs SLS's. This strulture, with a
3000-A period, cati be rep~eated to atm' desired tturtier. Coti- 2Sn
sequently, this will introduce more strained interfaces there- .E.I|
by blocking the threading dislocations originating from the
substrate. In our study we have investigated samples com-
posed ofa 3000-A period "structure," repeated two afd five GaAs
times with an InAs percentage of 6 and 10%.

Molten KOH was employed to reveal the dislocation ,-- •
density on the GaAs substrates and on the epitaxially grown
layeis. The etching time for each sample was 2-3 i•in. Etch InGaAs-

pit densities for the substrates and the epitaxially grown
GaAs cap layer on the Al 3,,GaoAs-GaAs and
In.Ga,_ As-GaAs (x = 0.06 and 0.14) superlaltices are
compiled in Table 1. The A] 3 Ga07 As-GaAs SL reduces the i
EPD by one-third to one-fifth of that of the substrate. Simi-
lar studies on the GaAs-In. Gat _. As SLS indicate a two to
three orders of magnitude reduction. This trend is clearly (b)

illustrated in Table I for both semi-insulating and it-type FIG. 3. TEM micrograph of GaAs-lnGaAs superlattice. (a) Total thick•
ness of the GaAs-in 16Ga,.,4As five-period SLS exceeds the critical thick
ness resulting in the generation of dislocations shown by arrows. (b.
GaAs-ln,,,,Ga0.2 As SLS composed of five periods of the 3000-A "struc
tures." Threading dislocations, shown by arrows, do not penetrate the SL '
structure.

GaAs substrates. Increasing the number of five-period SLS
and GaAs intermediate layers reduces the EPO, as shown ~~
for samples D and E in Table I. Samples D and E correspond S
to a 3000-X period structure repeated five times.

Dislocation densities were also characterized using the -
electron beam induced current (EBIC) technique. 300-A-
thick gold Schottky diodes with an area of approximately -.

2X 10' cm' were evaporated on the GaAs epilayers. An
electron beam with an energy in the range 10-20 keV was
injected through these gold Schottky diodes. Dislocations
appear as dark images in the EBIC mode since they act as

10 1 m (a) 10 J1 MTI (b) nonradiative recombination centers which reduce the elec-
tric current compared to the surrounding area. Figure 2

FIG. 2. (a) Y-modulation EBIC micrograph of recombination sites detect- shows the EBIC image of sample D. Over the entire metal-
ed by surveying a I-mm 2 device area. No other electrically active defects ized area ( - 10-2 cm 2 ) only four dark spots were observed.
were observed in this device. The Y-modulation mode is used for enhance- The corresponding dislocation density was approximately
ment of the contrast from small defects to facilitate survey scanning when 102/cm .  %
covering large device areas. (b) Conventional (Z modulation) EBIC mil- 4X . This result compares favorably with the aver-
crograph of the same area as above. lere dark areas repr:-sent lower in- age value obtaine4 from EPD data using a KOH etch (Table ,
duced current or higher recombination. 1).
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Trangmission electron microscopy (TEM) was also from GaAs substrates. Employing EPD and EBIC a repro-

used to investigate threading dislocations for several SI.S ducible set of defect densities has been recorded. An analysis
samples. The TEM samples were prepared by lapping and of the propagation of these defects has been investigated us-
ion milling two wafers bonded face to ftcc. They arc %iew ed ing [EM. It is therefore expected that devices on these low

in cross section with the electron beant parallel to the ( I R)) defect density epilayers will exhibit less variation in electri-

axis. Figure 3(a) shows a TEM cross section of the cal parameters than those fabricated directly on GaAs sub-

GaAs-In o 4 Ga O,, As five-period SLS, with a total thickness strates. N%'

of 1200 A, which is larger than h,. Misfit dislocations are The authors are grateful to M. Tischler for helpful dis-
generated at the SLS-GaAs interfaces as shown in Fig. 3(a). cussions and assistance. This work is supported by the Air
The presence of threading dislocations is consistent with tihe Foice Office of Research.
results shown in Table I for sample F, where the EPI) is

approximately one order of magnitude higher than those of
samples B and C whose values ofx are in the range of 6-10%
and whose total thickness is less than 1000 A. The GaAs and
Ino4Gao.86As layers in Fig. 3(a) do not appear to be

strained. The strain and associated defects appear to be lo- ', Nanishi, S. Ishida, and S. Miyazawa. Jpn. J. Appl. Phys. 22, 1,54

calized at the SLS and GaAs interfaces. This result is consis- (1983)
tS. Mivazawa and Y. Ishii. IEEE Trans Electron Devices ED-31, 1057tent with previous observations obtained front Raman spec- t18)

troscopyf for the accommodation of strain between 'M. A. Tischler, T. Katsuyarna, N. A. EI-Masry, and S. M. Bedair, Appi.

GaAs-InGaAs SLS and the GaAs substrate. Figure 3(b) P'hys. Lett. 46. 294 (1985).
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